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Inhalational anaesthesia is delivered through assisted ventilation and is typically 
composed by 65-70% of anaesthetic gas (nitrous oxide or xenon), 30% of oxygen 
and 1-3% of halogenated hydrocarbons (HHCs). Due to the elevated costs of the 
anaesthesia agents, the remaining anaesthetics present in exhalation are recycled 
and reused, to minimize the amount of fresh anaesthesia and thus reduce the 
costs. An alkali hydroxide mixture, commonly called by soda lime, is used to 
remove CO2 from the exhalation, to allow the rebreathing of the anaesthetics. 
However, some controversy is associated to the use of soda lime, due to the toxic 
compounds that can be formed in contact with HHCs. 
The present dissertation concerns the development of a membrane device 
to replace soda lime, based on two membrane contactors and a biocompatible 
ionic liquid as a safer strategy for the CO2 removal in anaesthesia circuits. The 
work is divided in three main topics. The first topic focuses on the study of 
different cholinium-based ionic liquids affinity towards CO2, enhanced by the 
addition of carbonic anhydrase enzyme. The ionic liquids were tested with 
different water activities to assess the optimum water amount for the enzyme 
activity. The results showed an increased affinity towards CO2, when compared 
with most used ILs. The presence of a very low amount of carbonic anhydrase 
(0.1 mgCA/gIL) enhanced the CO2 transport with a maximum increase of 63%. 
The second topic involved the understanding of the equilibrium and 
kinetics of CO2 absorption in a cholinium lysinate ionic liquid solution. CO2 
absorption was monitored through pH measurements and attenuated total 
reflectance Fourier transform infrared spectroscopy (ATR-FTIR). A 
comprehensive model based on chemisorption thermodynamics and absorption 
kinetics is proposed and validated experimentally. Also, it is demonstrated the 
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potential of using ATR-FTIR as a monitoring tool for absorption of CO2 in 
aqueous solutions of cholinium lysinate. 
Finally, the third topic focuses on the evaluation of the performance of two 
distinct membrane contactors with cholinium-based ionic liquids: a microfluidic 
contactor with a dense polydimethylsiloxane membrane and a porous 
polytetrafluoroethylene capillary membrane contactor. The characterisation of 
the systems involved the determination of the mass transfer parameters, i.e. CO2 
flux across the membrane, overall mass transfer coefficients, selectivity and CO2 
loadings. Both configurations showed high performance for the capture of CO2, 
considering either nitrous oxide or xenon as inhalation anaesthetic agents. 
Aiming an extended shelf-life, a regenerating unit for the ionic liquid solution 
was considered. The results showed that the use of ion-exchange resins is suitable 
to revert the chemisorption of CO2 in these ionic liquids, avoiding the use of 
thermal regeneration. 
The major outcome from the work developed in this Ph.D. is that membrane 
contactors combined with cholinium-based ionic liquids are suitable for CO2 
removal from anaesthesia circuits and the recycling of anaesthetics with reuse of 
ionic liquid significantly reduces the cost per operation, leaving space for a 
widespread use of better performing, although more expensive, gases like xenon. 
 
Keywords: CO2 removal; Anaesthesia recovery; Membrane contactors; 







A anestesia é administrada por ventilação assistida e é tipicamente 
constituída por 65-70% de gás anestésico (óxido nitroso ou xénon), 30% de 
oxigénio e 1-3% de hidrocarbonetos halogenados. Devido ao seu elevado preço, 
os agentes anestésicos remanescentes presentes na expiração são reciclados, de 
modo a reduzir a quantidade de gases de anestesia necessários e, desta forma, 
reduzir os custos. Actualmente, para a remoção de CO2 da corrente de expiração, 
é utilizada uma mistura alcalina, denominada cal sodada. No entanto, existe 
alguma controvérsia associada à utilização da cal sodada, devido à possibilidade 
de formação de compostos tóxicos através do contacto com os hidrocarbonetos 
halogenados. 
A presente dissertação centra-se no desenvolvimento de um processo de 
membranas para a substituição da cal sodada, baseado em dois contactores de 
membranas e um líquido iónico biocompatível, como alternativa mais segura 
para a remoção de CO2 de circuitos de anestesia. O trabalho está dividido em três 
tópicos principais. O primeiro tópico foca-se no estudo da afinidade para o CO2 
de diferentes líquidos iónicos à base do catião colina, aumentada pela adição da 
enzima anidrase carbónica. Os líquidos iónicos foram testados com diferentes 
atividades de água para avaliar a quantidade de água ideal para assegurar a 
atividade enzimática. Os resultados obtidos mostram que o sistema proposto tem 
uma afinidade superior para o CO2, quando comparado com os líquidos iónicos 
mais utilizados. A presença de uma quantidade reduzida de enzima (cerca de 0.1 
mgCA/gIL) conduz a um aumento de cerca de 63% no transporte de CO2. 
O segundo tópico centra-se na compreensão do equilíbrio e da cinética da 
absorção de CO2 numa solução de líquido iónico de lisinato de colina. A absorção 
de CO2 foi monitorizada através de medidas de pH e de espectroscopia de 
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infravermelho por transformada de Fourier com reflectância total atenuada 
(ATR-FTIR). Foi proposto e validado experimentalmente um modelo 
termodinâmico e cinético de quimissorção. Foi ainda demonstrado o potencial da 
utilização de ATR-FTIR como ferramenta de monitorização da absorção de CO2 
em soluções aquosas de lisinato de colina. 
Finalmente, o terceiro tópico implica a avaliação do desempenho de dois 
contactores de membrana distintos com líquidos iónicos que integram o catião 
colina: um contactor microfluídico com uma membrana densa de 
polidimetilsiloxano, e um contactor de membrana capilar de 
politetrafluoroetileno poroso. Para estas configurações, foram determinados os 
parâmetros de transferência de massa, ou seja, o fluxo de CO2 através da 
membrana, coeficientes globais de transferência de massa, selectividade e 
capacidade máxima de absorção de CO2. Ambas as configurações demonstraram 
um elevado desempenho para a captura de CO2, considerando tanto o óxido 
nitroso como o xénon como agentes de anestesia. Visando uma vida útil 
prolongada, foi ainda considerada uma unidade de regeneração para a solução 
de líquido iónico. Os resultados mostraram que a utilização de resinas de 
permuta iónica é adequada para reverter a quimissorção do CO2 nestes líquidos 
iónicos. 
O principal resultado do trabalho desenvolvido neste doutoramento é a 
demonstração da eficiência de contactores de membranas, com utilização de 
líquidos iónicos integrando o catião colina, na remoção de CO2 em circuitos de 
anestesia. Igualmente relevante o facto de a recirculação dos compostos 
anestésicos e a regeneração do líquido iónico usado, reduzir significativamente 
os custos por operação, deixando espaço para o uso generalizado de gases mais 
seguros e eficientes, como o xénon apesar de mais dispendiosos. 
Palavras-chave: Remoção de CO2; Recuperação de anaestesia; Contactores 
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1  Introduction: Background, Motivation and 
Dissertation outline 
In the present dissertation the use of membrane separation processes for carbon 
dioxide (CO2) removal from anaesthesia rebreathing circuits is considered. For 
many years the use of xenon (Xe) as an inhalational anaesthesia has been set aside 
due to its high cost. Nevertheless, several works have been published proposing 
alternative methodologies to allow the widespread use of Xe, which have 
sustained the enduring interest in this anaesthetic gas. Hereupon, this 
dissertation brings out membrane contactors, using biocompatible ionic liquids 
and enzymes, aiming their use in anaesthesia closed circuits. An in-depth 
analysis is described here, both on the CO2 liquid absorbent selection and on the 
performance of the combined system of membrane contactors and ionic liquids, 
in the context of inhalation anaesthesia recycling. 
 
1.1 Background and motivation 
Anaesthesia is usually provided as a combination of intravenous and 
inhalational agents to create an unconscious state and to relief the pain during 
surgical interventions. The administration of specific drugs enables muscle 













mechanical ventilation ensuring the pulmonary gas exchange. In most cases, the 
assisted ventilation is used simultaneously for the delivery of inhalational 
anaesthetic agents. Typically, the inhalational mixture combines inorganic gases 
(e.g. nitrous oxide) with volatile halogenated hydrocarbons (isoflurane, 
desflurane, halothane, enflurane or sevoflurane) [1,2], in a composition of 70% of 
an inorganic gas, 30% of oxygen (O2) and 1-8% of halogenated hydrocarbons 
(HHCs) [3]. For economic purposes, the anaesthetic gas mixture is delivered to 
the patient in a closed breathing circuit mode, allowing the rebreathing of the 
exhaled anaesthetics. As the closed breathing circuits require low fresh gas flows, 
to a minimum of 250 mL/min [4], the cost-effectiveness relation of the anaesthesia 
delivery is favoured. The reuse of the remaining inhalational anaesthetics is 
possible using a solid CO2 absorbent mixture of calcium hydroxide, water, 
sodium hydroxide and potassium hydroxide, commonly called by soda lime [5]. 
The exhaled air of the patient anaesthetised contains around 65% of the 
anaesthetic, 27% of O2, 5% of CO2 and 3% of nitrogen (N2). The concentrations of 
N2 and CO2 in the recycled mixture must be lower than 3 and 0.5%, in volume, 
respectively [6]. After the exhaled CO2 is removed, the necessary O2 is 
replenished and the mixture is reintroduced in the system. 
Although soda lime is widely used for the removal of CO2 in anaesthesia 
circuits, due to its high efficiency, several drawbacks have been identified. Toxic 
compounds, such as carbon monoxide (CO), fluoromethyl-2,2-difluoro-1-
(trifluoromethyl)vinyl ether (denominated as “Compound A”) and 
formaldehyde, can be generated from the action of soda lime on desflurane and 
sevoflurane, especially in desiccated conditions under low and minimal flow 
anaesthesia [7]. It was demonstrated that the concentration of these products 
increases significantly with temperature, where the temperature of soda lime can 
reach 50 °C under 8h of operation, due to the exothermic reaction with CO2 [8,9]. 
The existence of fires has been reported in cases where sevoflurane was exposed 
to desiccated Baralyme® [10]. Moreover, due to its high corrosion hazard, soda 
lime canister is disposed as health care waste instead of domestic waste, 
increasing the hospitals costs. To minimize these drawbacks, several alternatives 
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have been proposed. Luttropp and Johansson [9], demonstrated that using head 
space volumes it is possible to reduce the temperature of soda lime under low 
and minimal flow anaesthesia. However, significantly increased pressures are 
needed in the ventilator machine to maintain the flows, which can lead to lung 
injury due to the risk of baro- and volotrauma, in addition to increased costs per 
operation. Several alternative absorbents with the ability to produce less to 
negligible concentrations of toxic by-products, have been proposed. Amsorb 
Plus® is emerging as a safer option since it does not cause anaesthetics 
degradation, does not possess handling risks and can be disposed as domestic 
waste. Despite its cost per weight is higher than soda lime, the overall costs are 
lower because it enables low flows of sevoflurane. Nevertheless, the side effects 
as post-operative nausea and vomiting, associated with the production of the 
toxic by-products, continued to be registered [11]. Therefore, the scientific 
community is kept on pursuing for an absorbent or anaesthetic purification 
system completely safe. 
Nitrous oxide (N2O) is the most used inorganic inhalational anaesthetic due 
to its proven pharmacokinetic properties and low cost (0.80€/L). The use of an 
inorganic gas with anaesthetic properties as N2O, allows to reduce the costs per 
operation, by reducing the amount of volatile halogenated hydrocarbons 
necessary to induce the anaesthetic state, which are significantly more expensive 
(Isoflurane – 126€/L, sevoflurane – 756€/L, Desflurane – 806€/L) [12–15]. 
However, its use has generated some controversy due to the potential toxic 
effects that may occur, risks of occupational exposure and environmental impact 
[16]. Many efforts have been made to find a substitute; nevertheless, the excellent 
anaesthetic properties of N2O combined with its low cost has hindered its 
replacement.  
The search for the ideal anaesthetic agent has been ongoing since the 
beginning of anaesthesia, on the 16th of October of 1846, known as “Ether day”, 
when the first successful demonstration of an inhalational anaesthetic took place. 
Diethyl ether was the first inhalational drug to be used as anaesthetic, followed 
by N2O and chloroform. Later, diethyl ether and chloroform were made obsolete 
4 
 
due to the their many health and occupational risks [17]. It was in 1951, that 
Cullen et al. [18] reported for the first time the use of Xe as an anaesthetic for an 
operative procedure in a human being. In this study, the obtained effects in 
humans through mixtures of Xe:O2 and N2O:O2, administered using a closed 
system with soda lime to permit recirculation of the gases, were compared. It was 
found that Xe causes minimal effects on the cardiovascular system, producing 
less haemodynamic depression, which enables its use in patients with cardiac 
pathologies [16,19]. Xenon minimum alveolar concentration (MAC), that defines 
the minimal level of anaesthesia to allow surgery, is 71 while the MAC value for 
N2O is 104. Additionally, the blood-gas partition coefficient, that indicates the 
onset time and recovery speed of xenon is 0.115, which is the lowest of all known 
anaesthetics [19–22]. In this way, a faster induction of the anaesthetic effect is 
achieved with less amount of gas. Moreover, the analgesic potency of xenon 
allows omission of further volatile inhalation agents [23]. Due to a recovery rate 
higher than the other anaesthetics, the use of xenon reduces the time patients 
spend in the hospital, which benefits the health care costs [24]. In terms of 
environmental impact, the anaesthetics are vented to atmosphere, which can be 
prejudicial when using N2O, because it is related to the destruction of the ozone 
layer and also leads to greenhouse effects, while xenon is not associated with 
either [25]. Despite all the advantages mentioned, xenon does not have a 
widespread use due to its high cost (11€/L). A significant advance in the field of 
anaesthesiology can be made if xenon becomes economically viable. Therefore, 
efforts should be directed towards obtaining reduced costs of xenon, both in the 
manufacture process (cryogenic distillation of air) and in the process of 
anaesthesia delivery. 
Due to the identified drawbacks, both in the utilisation of soda lime and 
N2O, several alternative solutions have been studied and proposed for the 
continuous removal of CO2 from the conventional closed circuits. Membrane-
based technology has been addressed as an alternative methodology for the 
recycling of the inhalational anaesthetics. The investigated alternatives included 
the use of membrane contactors for CO2 absorption with a reactive liquid phase 
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[26], hollow fibre contactors [5,27], carbon molecular sieve membranes [6,28], 
immobilized liquid membranes [3] and zeolite membranes [29]. Membrane 
contactors provide a non-dispersive, fixed and well-determined interface for gas-
liquid mass transfer, where instead of selectivity, the membrane offers a barrier 
to separate the two phases, while the selectivity is given by the liquid phase 
(although it is possible to use selective membranes). Typically, membrane 
contactors have high membrane area per unit volume resulting in higher overall 
throughput, high self-mechanical support, good flexibility and easy system 
operation, which make them highly interesting for gas separation processes, both 
in industrial and in small scales. [30,31]. The membrane configurations 
developed so far, were compromised due to different factors, such as difficulties 
of liquid absorbent regeneration, membrane selectivity and cost of the materials. 
Aqueous amine solutions have been extensively used in industrial 
applications, for the capture of CO2 produced from diverse gas streams sources 
[32]. These liquid absorbents are submitted to temperature swing to be 
regenerated, enabling CO2 desorption, during the capturing process [33]. Due to 
their corrosive nature, degradation in the presence of O2 and high volatility, the 
amine aqueous solutions are not suitable for anaesthetic circuits, as alternatives 
to soda lime. Ideally, the absorbent solution must be biocompatible, with 
negligible vapour pressure to avoid the contamination of the circuit, must be 
chemically and thermally stable and possess high CO2 absorption capacity and 
selectivity in the presence of anaesthetic gases. In a perspective of an alternative 
system with self-regeneration, the liquid solution should also allow CO2 
desorption. Studies on CO2 capture using different absorption systems increased 
progressively over the last three decades, where ionic liquids (ILs) have emerged 
as a potential alternative [34]. ILs are liquid salts with negligible volatility and 
their potential to capture CO2 is recognized due to their unique properties, such 
as the ability to be designed for CO2 absorption, excellent thermal stability, 
nonflammability and easy operation at liquid state [35–37]. 
In the present dissertation, a safer and sustainable approach for the CO2 
removal in anaesthesia circuits is proposed. The proposal includes the use of 
6 
 
membrane contactors and regenerable cholinium-based ionic liquids for the 
capture of CO2. The cholinium cation was selected as a benign cation, due to its 
recognized biocompatibility and high affinity towards CO2, when combined with 
alkanoates or amino acids [38,39]. This class of ionic liquids possesses a strong 
hydrophilic character allowing to accommodate high water contents, an 
important feature that allow the decrease of the ILs viscosity and enables the 
solubilization of enzymes, in particular carbonic anhydrase, able to reversibly 
convert CO2 into bicarbonate. The combination of biocatalysis and CO2 
absorption in ionic liquids, is proved to allow for an efficient capture of CO2 [40]. 
Additionally, the ionic liquids studied in the present dissertation were selected 
aiming their use in a configuration with a CO2 desorption unit for regeneration 
of the liquid solution. 
Two different membrane contactors were considered, along with the use 
of cholinium-based ionic liquids, and their performance was analysed aiming 
their application in closed anaesthesia circuits. There are several types of 
membrane modules that can be used in gas-liquid separation processes, where 
the module configuration plays a vital role in governing the overall mass transfer 
process, determining the separation performance. The modules should provide 
high flow rates of both the feed and the permeate, high packing density, low 
pressure drop and high thermal and chemical stabilities. Depending on the 
application, membranes can be non-porous or porous. The use of porous 
membranes is preferable, as long as the pores are filled with the gas phase, 
leading to a negligible resistance offered by the presence of the membrane. In the 
present work, both membrane configurations were considered. A 
polydimethylsiloxane (PDMS) non-porous flat membrane, assembled in a 
microdevice with two independent chambers, was evaluated as a proof of 
concept for the selective removal of CO2 in anaesthesia circuits. In this case, 
miniaturization of the module, that requires a reduced amount of the cholinium-
based ionic liquids, and the high CO2 permeability of PDMS membrane, were 
exploited. Regarding the second configuration, a hydrophobic microporous 
polytetrafluoroethylene (PTFE) membrane was considered as a highly 
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chemically resistant material, since PTFE membranes are capable to retain their 
non-wetting behaviour [27]. The commercially available Eclipse™ membranes 
were selected for the present study. The membrane was assembled as parallel 
capillaries in cylindrical modules, where the anaesthetic mixture with CO2 
circulated in the shell side and the cholinium-based ionic liquid circulated in the 
lumen of the capillaries, in counter current mode. Due to an operation with low 
pressure in both sides of the membrane, the hydrophobic character of the 
membrane material excluded the penetration of the aqueous cholinium-based 
ionic liquids into the pores. 
Aiming a prolonged use as a route to attain an economically viable 
alternative system for the current technology, a regeneration unit is included. 
Several conditions were explored for the regeneration of the ionic liquid 
solutions, namely the use of a sweep gas, increase of temperature and vacuum, 
and use of ion-exchange resins. This later approach is rather innovative 
methodology, since the use of ion exchange resins to enable the CO2 desorption 
in ionic liquid solutions, is addressed for the first time. 
 
1.2 Dissertation outline 
The present dissertation presents the work developed during the PhD period and 
is organized in seven chapters and two appendices. The work described in this 
dissertation includes the study of membrane separation processes using ionic 
liquids for the removal of CO2 from anaesthesia rebreathing circuits. Each chapter 
includes a summary of the work, an introduction with a short review of the state 
of the art, describes the materials and methods used and discusses the results and 
main conclusions. The methodology used in each individual chapter is detailed 
in the context of the respective subject and, when applicable, is related to that 
used in previous chapters. The work performed during this PhD resulted in four 
scientific articles, presented in Chapters 2 to 5. The work described in Chapter 6 
is prepared to be submitted for publication. All the scientific papers, which have 
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been published in international peer-reviewed scientific journals, are listed in 
Appendix A. 
A brief description of the contents of each chapter is described below. 
Chapter 1 – Introduction – Describes the state of the art, motivation, aim 
of the work and the PhD thesis outline. 
Chapter 2 – Effect of water activity on carbon dioxide transport in 
cholinium-based ionic liquids with carbonic anhydrase – Describes the study 
of the affinity of biocompatible cholinium-based ionic liquids towards carbon 
dioxide. The CO2 diffusion and solubility in each ionic liquid were evaluated 
against different water activity conditions. Moreover, the enhancement on CO2 
transport by the addition of carbonic anhydrase was also evaluated. The content 
of this chapter was published in Separation and Purification Technology, 2016, 
vol. 168, pp. 74-82. 
Chapter 3 – Microfluidic devices as gas-ionic liquid membrane 
contactors for CO2 removal from anaesthesia gases – Describes the concept of 
an alveolar microfluidic device as gas-ionic liquid micro-contactor for removal of 
CO2 from an anaesthesia gas containing Xe. The working principle of the micro-
contactor involved the transport of CO2 through a flat PDMS membrane followed 
by the capture and enzymatic bioconversion in a cholinium-based ionic liquid 
solvent. The ionic liquid used as CO2 absorbent was selected from the work 
described in the previous chapter, which revealed the highest affinity to capture 
CO2. The content of this chapter was published in Journal of Membrane Science, 
2018, vol. 545, pp. 107-115. 
Chapter 4 – CO2 removal from anaesthesia circuits using gas-ionic liquid 
membrane contactors – Describes the proof of concept of using a capillary 
membrane contactor with a cholinium lysinate ionic liquid solution, as an 
alternative process to remove carbon dioxide from anaesthesia gas mixtures. The 
CO2 removal rate was assessed varying the feed gas conditions, i.e. composition 
and relative humidity, and under different ionic liquid flowrates. The CO2 
absorption was accompanied by the ionic liquid solution regeneration, using a 
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second membrane contactor by stripping the CO2 with a sweep gas. The content 
of this chapter was published in Separation and Purification Technology, 2020, 
vol. 250, 116983. 
Chapter 5 – Modelling CO2 absorption in aqueous solutions of 
cholinium lysinate ionic liquid – Describes the process of CO2 absorption in an 
aqueous solution of cholinium lysinate ionic liquid, via mechanistic modelling 
supported in an experimental study performed in a membrane contactor 
operated in closed loop. Online pH measurements and attenuated total 
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) analysis of 
discrete sampling of the circulating aqueous IL solution, were used for 
monitoring CO2 in the ionic liquid solution. A comprehensive model of 
chemisorption thermodynamics and absorption dynamics was proposed and 
validated experimentally. The content of this chapter was published in Chemical 
Engineering Journal, 2020, 127875. 
Chapter 6 – Removing CO2 from Xenon anaesthesia circuits using an 
amino-acid ionic liquid solution in a membrane contactor – Describes the use 
of a gas-ionic liquid membrane contactor system in anaesthesia closed-circuits, 
for the removal of carbon dioxide, to enable the widespread utilisation of xenon 
as an anaesthetic agent. The proposed system was evaluated under constant and 
dynamic feed flow conditions. The performance of the system was also evaluated 
using different anaesthesia gases, either xenon or nitrous oxide. Additionally, the 
regeneration of the ionic liquid solution was studied using thermal and ion-
exchange approaches. As an innovative methodology, the use of ion-exchange 
resins is proposed as a chemical regeneration method. The content of this chapter 
is prepared to be submitted in Separation and Purification Technology. 
Chapter 7 – Outlook and future work – The main results obtained in this 
PhD project are summarised, the general conclusions are discussed in an 
integrated way and suggestions for future research are presented. 
Appendix A – Provides a list of the author’s publications, articles in peer-
reviewed journals accepted and oral/poster communications. 
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Appendix B – Provides supplementary results that give support to the 
information described in the main body of the present dissertation.
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2 Effect of water activity on carbon dioxide 
transport in cholinium-based ionic liquids 
with carbonic anhydrase 
Published as: C. F. Martins, L. A. Neves, M. Estevão, A. Rosatella, V. D. Alves, C. A. M. Afonso, 
J. G. Crespo and I. M. Coelhoso, “Effect of water activity on carbon dioxide transport in 
cholinium-based ionic liquids with carbonic anhydrase”, Separation and Purification 
Technology, 2016,vol. 168, pp. 74-82. 
 
Summary 
The present work reports a study of the affinity of carbon dioxide towards 
biocompatible cholinium-based ionic liquids, aiming the development of a 
sustainable process for carbon dioxide removal. Moreover, the enhancement on 
carbon dioxide transport by the addition of carbonic anhydrase, able to catalyse 
the reversible reaction of carbon dioxide with water, is also evaluated. 
Cholinium acetate, cholinium propionate and cholinium hexanoate were 
the selected ionic liquids for this study. Carbon dioxide solubility and diffusion 
coefficients were determined in the three cholinium ionic liquids, at different 
water activities, in order to identify optimal conditions for the enzyme activity 













based ionic liquids with different water activities is proposed, allowing for 
estimation of carbon dioxide diffusion coefficients. 
The results obtained show that the selected cholinium-based ionic liquids 
possess high affinity towards carbon dioxide, when compared with most used 
room temperature ionic liquids. Also, it was demonstrated that a small amount 
of the carbonic anhydrase (0.1 mgCA/gIL) promotes an enhancement of 63% on 




Conventional technologies for carbon dioxide capture from flue gas streams are 
based on absorption in amine solutions. Although amines are widely used due 
to their high affinity towards carbon dioxide, they present several limitations, 
such as high volatility, which is an extremely difficult issue to handle in high 
temperature processes, corrosive nature, high operational cost and 
environmental impact. In order to overcome these drawbacks, ionic liquids have 
been proposed as very promising substitutes of traditional organic absorbents 
[41]. Their unique properties, such as high thermal stability, non-volatility, 
solvation capability, no flammability and easy operation at liquid state, confer 
them the possibility to be used in a wide range of processes [36,37]. Furthermore, 
in the last decade, a new class of ionic liquids has emerged, the biocompatible 
and environmental-friendly ionic liquids. They are synthesized using naturally-
derived materials, such as sugars and amino acids, are economically attractive 
and environmental-friendly [42–44]. This new class of ionic liquids may provide 
an optimum media to stabilize proteins (e.g. enzymes), allowing replacement of 
traditional hazardous solvents used for stabilization and purification processes, 
possess potential to be used in biomedical devices [45]. As an example of 
biocompatible ionic liquids are those based on the cholinium cation. Studies on 
cholinium-based ionic liquids toxicity [38,46] have shown that the cholinium 
cation, which is a quaternary ammonium cation ([N,N,N-
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trimethylethanolammonium]+), recognized as an essential nutrient totally 
derived from natural products [47], combined with a range of alkanoate anions 
or amino acids, may provide a media where living cells can actively grow. This 
demonstrates that, these ionic liquids are biocompatible, which is a feature 
required for biomedical applications [38,48]. 
 The present work focuses on the study of carbon dioxide transport using 
cholinium-based ionic liquids combined with carboxylate anions derived from 
weak carboxylic acids which, according to the literature, can provide high carbon 
dioxide solubility [49–52]. It has been reported that carbon dioxide absorption is 
strongly dependent on the nature of the anion, while the nature of the cation has 
a decisive role in toxicity [38,53,54]. The present work reports a study about the 
affinity of cholinium-based ionic liquids towards carbon dioxide, using different 
anions, selected according to their chain length. It is also proposed the use of an 
enzyme, the carbonic anhydrase (CA), which is able to catalyse the reversible 
reaction of carbon dioxide with water to produce bicarbonate. The addition of 
this enzyme to the cholinium ionic liquids will enhance the carbon dioxide 
transport rate, due to the simultaneous absorption and reaction mechanisms. 
Furthermore, the hydrophilic character of these ionic liquids plays an important 
role in the catalytic reaction [40,55]. Biocatalysis in ionic liquids has attracted 
much attention in the last two decades. Up to the present, catalytic processes with 
lipases have benefited most from the use of ionic liquids as green solvents [56–
58]. Nevertheless, there are several publications describing the use of CA with 
aqueous solutions of amines [59–65]. Despite of the carbon dioxide capture 
enhancement in the aqueous amine solutions due to the presence of the CA, this 
strategy does not overcome the drawbacks associated to the use of amine 
solutions. 
As this work involves a completely biocompatible system, studies of pure 
gases absorption in the different cholinium-based ionic liquids in the absence of 
CA and with a low quantity of CA (0.1 mgCA/gIL), were also performed with 
xenon, oxygen and nitrogen, aiming the evaluation of this system for removal of 
14 
 
carbon dioxide from anaesthetic circuits, when anaesthesia with assisted 
ventilation is involved. 
In a previous work [40] the removal of carbon dioxide from flue gas 
streams was achieved, using the ionic liquid 1-Butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([BMIMTf2N]) combined with CA for the 
enhancement of the selective transport of carbon dioxide. The results showed 
that it was possible to increase the carbon dioxide solubility coefficient up to 30%, 
even when using a low enzyme concentration (0.1 mgCA/gIL). The present work 
follows the concept described in the previous work, using biocompatible ionic 
liquids. 
Aiming the optimal conditions for the enzyme activity and stability in 
these biocompatible ionic liquids, water activity studies were performed. The 
impact of water activity on the viscosity of cholinium-based ionic liquids is 
evaluated as well as its impact on the transport of carbon dioxide. Several works 
report diffusion coefficient correlations for gas compounds in room temperature 
ionic liquids based on imidazolium, phosphonium and ammonium cations [66–
73]. Correlations to predict gas diffusion are required, in order to minimize time 
and resources usually spent on measuring the solubility and diffusion for every 
new system. Consequently, predictive models are an extremely powerful tool 
when attempting to develop new processes and applications. The present work 
proposes a carbon dioxide diffusion coefficient correlation for cholinium-based 
ionic liquids at different water activities. 
To validate the concept proposed in the present work, the following 
aspects were investigated: 1 – determination of the carbon dioxide solubility and 
diffusion coefficient in cholinium-based ionic liquids; 2 – evaluation of xenon, 
oxygen and nitrogen transport through cholinium-based ionic liquids; 3 – 
evaluation of the effect of the enzyme in the absorption of carbon dioxide, xenon, 
oxygen and nitrogen; 4 – the effect of water activity on the enzyme 
activity/stability and on the carbon dioxide solubility and diffusion coefficient; 
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and 5 – determination of a predictive correlation of gas diffusion in the 
cholinium-based ionic liquids. 
 
2.2 Materials and methods 
2.2.1 Materials 
2.2.1.1 Cholinium-based ionic liquids 
Cholinium-based ionic liquids possess a quaternary ammonium cation (N,N,N-
trimethylethanolammonium), which is a substituted tetra-alkylammonium 
containing one primary hydroxyl group. These ILs were selected according to the 
cation and anion properties. Ammonium cations possess good affinity towards 
carbon dioxide, as reported in the literature [67]. The anions used in this study 
possess high affinity towards carbon dioxide (CO2), because they derived from 
week carboxylic acids [49]. In Table 2.1 are represented the ionic liquids studied. 
 
























Cholinium hexanoate ([Cho][Hexanoate]), cholinium propionate 
([Cho][Propionate]) and cholinium acetate ([Cho][Acetate]) ionic liquids were 
prepared by neutralization of the respective carboxylic acids dissolved in 
methanol with choline hydroxide ([Cho][OH]), as reported elsewhere [38], with 
the following modifications: to a solution of acid (1 equiv.) in methanol was 
slowly added to [Cho][OH] (1 equiv.). The solution was stirred overnight at room 
temperature, followed by solvent evaporation on a rotary evaporator. The salt 
obtained was stirred under vacuum (<1 mmHg) at 60 °C overnight. The structure 
and purity of the prepared ILs were confirmed by 1H-NMR and 13C-NMR, where 
no impurities peaks were observed. Choline hydroxide, hexanoic acid, propionic 
acid and acetic acid were purchased from Sigma-Aldrich (USA) and were used 
without further purification or drying.  
The cholinium-based ionic liquids were equilibrated using four different 
salt solutions to provide the water activities listed in Table 2.2. Potassium acetate 
(Merck®, Germany), sodium bromide (Applichem, Panreac®, Germany), 
sodium chloride (Applichem, Panreac®, Germany) and potassium chloride 
(Panreac®, Germany) were used for that purpose. 
 
Table 2.2 Saturated salt water activities at 30 °C [74]. 
Salt Water activity (aw) 
Potassium Acetate 0.216 
Sodium Bromide 0.576 
Sodium Chloride 0.753 




2.2.1.2 Carbonic anhydrase enzyme 
Carbonic anhydrase lyophilized from bovine erythrocytes from Sigma-Aldrich 
(USA) (reference C3934) was used in this work, without any additional 
purification. 
2.2.1.3 Gases 
The gases used in the experiments were carbon dioxide, CO2 (high-purity grade 
99.998%, Praxair, USA), xenon, Xe (purity grade 99.999%, Praxair, USA), oxygen, 




2.2.2.1 Water activity and water content  
As mentioned previously, saturated salt solutions were used to equilibrate the 
cholinium-based ionic liquids at a well-defined water activity through vapour 
phase. Saturated salt solutions were prepared by mixing inorganic salts with 
distilled water. Specific amounts of the cholinium-based ionic liquids were 
placed in four desiccators, each one with a well-defined water activity [74], as it 
is listed in Table 2.2, in order to promote their contact with the vapour phase. A 
thermohygrometer (HMI41 indicator, Vaisala®, Finland) was used in order to 
confirm the value of the relative humidity. The equilibrium was performed at 30 
°C and the water content of the ionic liquid samples was measured, using a Karl-
Fischer coulometer with diaphragm (Metrohm®, model 831 KF coulometer). 
 
2.2.2.2 Viscosity measurements  
The viscosities of the different cholinium-based ionic liquids equilibrated at 
different water activity values were determined using a stress-controlled 
rheometer (Thermo Scientific HAAKE MARSIII., Germany) with a Peltier 
heating system, equipped with a cone and plate geometry (diameter 3.5cm, angle 
2°). Flow curves were determined using a steady state flow ramp in the range of 
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shear rate from 0 to 1000s, at 30 °C. The sample area exposed to air was covered 
with paraffin oil in order to prevent water evaporation. The different samples 
have shown a Newtonian behaviour and their viscosity was evaluated as the 
slope of the line obtained representing the shear stress as a function of the shear 
rate. 
 
2.2.2.3 Density measurements  
The density of the cholinium-based ionic liquids at different water activities was 
measured using a 5-mL Gay-Lussac pycnometer, pear shape, with perforated 
stopper, at 30 °C. The precise volume of the pycnometer was determined using 
deionized water at the same temperature. The density of the cholinium-based 
ionic liquids was determined according the Equation 2.1, where 𝜌𝐼𝐿 and 𝜌𝐻2𝑂 are 
the ionic liquid and water densities (g.cm-3) at 30 °C and 𝑚𝐼𝐿 and 𝑚𝐻2𝑂 are 






2.2.2.4 Gas solubility and diffusion coefficient experimental 
measurements 
Gas solubility and diffusion coefficient measurements were performed for the 
three cholinium-based ionic liquids, equilibrated at different water activities. The 
experiments were carried out by monitoring the evolution of the pressure decay 
with time, which was related with the absorption of the gas by the ionic liquids’ 
thin film [40,68]. 
Both gas solubility, characterised by the Henry’s law constant, and 
diffusion coefficient in the cholinium-based ionic liquids were estimated by 
fitting the pressure decay over time to a one-dimensional diffusion model using 
a non-linear least-squares method. Several assumptions were considered: (i) only 
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diffusive transport occurs in the system; (ii) equilibrium is established at the 
gas/liquid interface; (iii) gas concentration in the liquid phase boundary is 
described by Henry’s Law and (iv) gas diffusion coefficients are independent of 
their concentration for the partial pressures tested (0.7 bar). It was also 
considered that the ionic liquid properties such as viscosity and density are 
constant at given temperature (30 °C). 
Combining the Fick’s second law for the diffusion over the cholinium-based 
ionic liquids thin-liquid film, with a mass balance on the gas phase above the 
liquid, the pressure decay is related to the system parameters and gas properties 




















, where 𝐻𝑔𝑎𝑠 (bar) is the Henry’s constant for the gas in the 
ionic liquid, 𝐷𝑔𝑎𝑠 (cm2.s-1) the gas diffusion coefficient, 𝐿 (cm) is the ionic liquid 
film thickness, 𝑉𝐼𝐿 (cm3) and 𝑉𝑔𝑎𝑠 (cm3) are the volumes of the ionic liquid and 
pure gas in the absorption compartment and in the gas compartment, 
respectively, 𝑀𝑊𝐼𝐿 (g.mol-1) and 𝜌𝐼𝐿 (g.cm-3) are the molecular weight and density 
of the ionic liquid, respectively. 
Equation 2.2 was fitted to the experimental transient pressure results, by 
adjusting 𝐻𝑔𝑎𝑠 and 𝐷𝑔𝑎𝑠 using a nonlinear regression method with Matlab®. It is 
important to mention that Equation 2.2 describes extremely well the carbon 
dioxide transport in the cholinium-based ionic liquids. For this reason, the errors 
obtained through the fitting which are reported in this paper are quite low. The 
Henry’s law constant is related with the solubility according to the Equation 2.3, 
where 𝑆 (mol/mol) is the gas solubility, 𝑅 (cm3.bar.K-1.mol-1) the gas constant and 






× 𝑅 × 𝑇 (2.3) 
These measurements were also performed for the cholinium-based ionic 
liquids containing carbonic anhydrase (concentration of 0.1 mgCA/gIL). 
 
2.3 Results 
2.3.1 Characterization of cholinium-based ionic liquids with defined 
water activities 
Experimental measurements to determine viscosity and density of the 
cholinium-based ionic liquids were performed, at 30 °C. Figures 2.1 and 2.2 
illustrate the viscosity and density values as a function of water activity for all 
ionic liquids, respectively. In Table 2.3, all results obtained for viscosity, density, 
molar volumes and water content for the different ionic liquid samples are listed. 
Molar volumes, obtained from the density values, were calculated according to 
Equation 2.4, where 1 and 2 correspond to the cholinium-based ionic liquid and 
water respectively, 𝑥 is the molar fraction, 𝑀𝑊 (g.mol-1) the molecular weight 
and 𝜌 (g.cm-3) the cholinium-based ionic liquid density. 
As expected, the viscosity of the cholinium-based ionic liquids decreases 
with the increase of water activity. This behaviour can be explained by the 
molecular interactions that water promotes in the ionic liquids. Generally, the 
viscosity of the cholinium-based ionic liquids with carboxylate anions is 
essentially defined by the hydrogen bonding that occurs between ion-pairs and 
water [76]. When comparing the viscosity of the ionic liquid samples with similar 
water content (see Table 2.3), hydrogen bonding is stronger established in 
[Cho][Hexanoate] because it possesses a higher viscosity value. The carboxylate 
anions chain size also appears to play a role in viscosity. According to the results 
obtained, a dependency with the size of the anions alkyl chain is clear. The 
viscosity of the cholinium-based ionic liquids follows the order: 
[Cho][Hexanoate] > [Cho][Propionate] > [Cho][Acetate] which corresponds to 
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Figure 2.1 Water equilibrated cholinium-based ionic liquids viscosity as function of water 
activity, at 30 °C. 
 
Figure 2.2 Water equilibrated cholinium-based ionic liquids density as a function of water 
activity, at 30 °C. 
The densities of the cholinium-based ionic liquids, at 30 °C, are closer to that 
of water (ρwater = 996 kg.m-3) [77], when comparing with typical room-temperature 
ionic liquids (RTILs) [71,78,79]. From Figure 2.2 it is clear that [Cho][Hexanoate] 
is less dense than the other two ionic liquids. [Cho][Acetate] presents a higher 
density than [Cho][Propionate], until a certain water activity (aw = 0.753). In 
general, the density values of the cholinium-based ionic liquids follow the trend 
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described by other authors, where the increase of the alkyl chain length results 
in a decrease of the density [50,76,80]. The sharpest decrease, observed in Figure 
2.2 at 0.753 water activity, for [Cho][Acetate] can be explained considering the 
hypothesis that the addition of water promotes, at a certain water content, 
different structural organizations of the alkyl chains [76]. 
Table 2.3 Viscosity, density, molar volumes and water content for the water equilibrated 
cholinium-based ionic liquids, at 30 °C. 











0.216 0.390±0.020 1032.23±0.02 181.66 15.77±0.14 
0.576 0.169±0.008 1026.92±0.01 158.87 27.91±0.44 
0.753 0.092±0.005 1024.97±0.03 125.98 44.80±0.28 
0.836 0.064±0.003 1023.72±0.01 121.58 47.14±0.06 
[Cho][Propionate] 
0.216 0.225±0.011 1080.79±0.02 141.45 15.31±0.45 
0.576 0.086±0.004 1075.14±0.03 118.99 31.02±0.54 
0.753 0.039±0.002 1071.31±0.01 112.53 35.63±0.69 
0.836 0.036±0.002 1070.52±0.01 97.89 45.51±0.93 
[Cho][Acetate] 
0.216 0.143±0.007 1093.96±0.01 118.14 23.39±0.37 
0.576 0.049±0.002 1079.29±0.02 106.56 33.16±0.33 
0.753 0.035±0.002 1067.45±0.01 86.38 48.94±0.64 
0.836 0.032±0.002 1062.10±0.02 83.94 51.03±0.65 
Molar volumes, obtained from the density values, decrease with the 
increase of water activity. For the values obtained, the variation between each 
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sample is due to the change of water content and the presence of different anions, 
thus dictating different molar volumes for each cholinium-based ionic liquid. The 
hydrophilic character of these ionic liquids differs between each other. Because 
of that, for the same water activity, different water contents were obtained for 
each sample. 
 
2.3.2 Gas solubility and diffusion coefficients 
Both carbon dioxide solubility and diffusion coefficients in the cholinium-based 
ionic liquids were determined according to Equation 2.2 and 2.3. The 
experimental measurements were performed at 30 °C measuring the pressure 
decay over time. The ionic liquid samples were pre-equilibrated at a controlled 
water activity, at 30 °C, in order to evaluate the effect of water in CO2 solubility 
and diffusion. The results obtained are represented in Figures 2.3(a) and (b). 
Evaluation of the cholinium-based ionic liquids affinity towards Xe, O2 and N2 
was also performed in the same conditions as previously described for CO2. 
However, it was not observed any pressure decay over time (after 24h). For this 
reason, it is valid to assume that the cholinium-based ionic liquids possess no 
affinity for Xe, O2 and N2. In the perspective of CO2 removal from gas streams 
with Xe, O2 and N2 an extremely high selectivity towards CO2 is therefore 
expected. 
  
Figure 2.3 (a) Carbon dioxide solubility in cholinium-based ionic liquids as a function of water 
activity, at 30 °C; (b) Carbon dioxide diffusion coefficient in cholinium-based ionic liquids as a 
function of water activity, at 30 °C. 
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In Table 2.4 are expressed the values obtained, from Equation 2.2, for the 
Henry’s constant for all ionic liquids. In a previous work [40] , a validation of the 
method to estimate solubility and diffusion coefficients was accomplished, 
where the values obtained for CO2 solubility in [BMIMTf2N] were in accordance 
with those reported in the literature. From observation of the results obtained the 
CO2 Henry’s constant increases with the increase of water activity for each 
cholinium-based ionic liquid, which consequently implies that CO2 solubility 
decreases. This behaviour was expected because the ionic liquid ability to 
solubilise CO2 is diminished due to the weak affinity between water and CO2. 
Reported studies about CO2 removal with commercially available RTILs, are 
commonly performed with dried samples in order to avoid any water 
interference. Henry’s constant for RTILs, obtained with identical method at 30 
°C, are between 22 – 68 bar for immidazolium ionic liquids [81]. For the 
cholinium-based ionic liquids used in this study, Henry’s constant values are in 
the range between 7-144 bar, where the smallest value refers to [Cho][Hexanoate] 
at the lowest water activity value. These results are a good evidence of the high 
potential of these ionic liquids for carbon dioxide capture, since Henry’s constant 
values are lower than the reported ones for dried RTILs were obtained. 
 
Table 2.4 Carbon dioxide Henry's constant in the water equilibrated cholinium-based ionic 
liquids, at 30 °C. 
aw 0.216 0.576 0.753 0.836 
Ionic Liquid H (bar) 
[Cho][Hexanoate] 7.19±0.01 19.67±0.01 36.36±0.03 47.28±0.05 
[Cho][Propionate] 15.52±0.01 34.11±0.07 65.59±0.11 110.00±0.20 




It is recognized that the anions alkyl chain size can influence positively the 
affinity of the ionic liquids towards CO2.  This was previously described by other 
authors, stating that, solubility can be enhanced using anions with a strong basic 
nature [37,51,53]. Basic anions possess high capability to interact with CO2, 
because of the acidic nature of CO2 (Lewis acid). Acetate, propionate and 
hexanoate are anions derived from weak acids, which means that they possess 
strong basic character. For this reason, the results in Figure 2.3(a), show the 
highest solubility values for [Cho][Hexanoate], and the importance of the size of 
the alkyl chain of the anion is evidenced in this work. At the same water activity, 
CO2 affinity increases with the size of the anion alkyl chain according to the 
following order: [Cho][Acetate] < [Cho][Propionate] < [Cho][Hexanoate]. Despite 
the contribution of the anions alkyl chain size, it is recognized that gas solubility 
in bulk ionic liquids is also related to the IL molar volume [82].  In fact, the highest 
CO2 solubility values were obtained for [Cho][Hexanoate] which is the one with 
the highest molar volume value. 
Figure 2.3(b) shows the dependence of CO2 diffusion coefficients with water 
activity for the three cholinium-based ionic liquids, at 30 °C. As expected, CO2 
diffusion increases with the increase of water activity. This behaviour is highly 
associated to the effect of water in the viscosity of the ILs (see Figure 2.1). The 
diffusion coefficients obtained are of the same order of typical RTILs reported in 
the literature [68,69,71]. [Cho][Acetate] possesses the highest CO2 diffusion 
coefficients for all range of water activity, comparing to [Cho][Propionate] and 
[Cho][Hexanoate]. This suggests that diffusion is facilitated when smaller anions 
are present. The diffusion of a gas is influenced by temperature, the molecular 
size of the gas and the viscosity of the ionic liquid [37]. Temperature and 
molecular size of the gas are constant parameters in this work, but viscosity is 
changing with water activity, as it was described in the previous section. For this 
reason, the difference in the obtained diffusion coefficients can also be attributed 
to the variation of the viscosity of the cholinium-based ionic liquids. Contrarily 
to the solubility dependence, diffusion coefficient decreases with the molar 
volume increase (see Table 2.3). This behaviour is highly associated with the free 
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volume between the ionic framework of the solution; thus, if the molar volume 
is higher the volume available for diffusion is smaller [37]. 
 
2.3.3 CO2 Diffusion coefficient correlation for cholinium-based ionic 
liquids 
Reported studies about diffusion coefficient correlations of gases in ionic liquids, 
show that gas diffusion (𝐷) is inversely proportional to the ionic liquid viscosity 
(𝜇), as represented by Equation 2.5. Depending on the experimental conditions, 
factor A considers the physical properties of the solute and solvent, such as 
molecular weight, molar volume, density, etc; temperature is also considered in 
the cases where a variation is measured. “B” named correlation power, is an 
indicator of how strongly dependent is the diffusion coefficient with the ionic 
liquid viscosity. 
𝐷 = 𝐴 ∗ 𝜇−𝐵 (2.5) 
For different ionic liquids families, the correlation power between 
diffusion coefficient and viscosity was found to have different values (see Table 
2.5). Predictive models of gas diffusion in ionic liquids can be a powerful tool 
when attempting to develop new processes and applications. Though, there is a 
need for developing expressions for estimating gas diffusion coefficients in ionic 
liquids. Using an approach similar to other authors [67,69–72], an exclusively 
correlation between CO2 diffusion coefficient and viscosity for cholinium-based 
ionic liquids, with well-defined water activities, was developed. 
Figure 2.4 represents a log-log plot of CO2 diffusion coefficient as a function 
of cholinium-based ionic liquids viscosity, at 30 °C. CO2 diffusion coefficient and 
ionic liquid viscosities were obtained experimentally according to the description 
in the previous sections. Also, the values of viscosities in the plot were obtained 
according to a specific water activity for each sample of cholinium ionic liquid. 
According to the results presented in Figure 2.4, the dependency of CO2 diffusion 
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coefficient in the cholinium-based ionic liquids with viscosity is related to the 
power of -0.805. With the value obtained, it is valid to affirm that in the case of 
cholinium-based ionic liquids, the carbon dioxide diffusion coefficient is stronger 
dependent on the viscosity than other commercially available RTILs, where 
lower absolute values of power factors were found. 
 
Table 2.5 Viscosity correlation power of commercially available RTILs. 
Ionic liquids family Correlation power Reference 
Immidazolium -0.4, -0.66 [71], [70] 
Phosphonium -0.35 [72] 
Ammonium -0.59 [67] 
RTILs with [Tf2N]- -0.6 [69] 
 
 
Figure 2.4 Log-log plot of carbon dioxide diffusion coefficient as function of cholinium-based ionic 
liquids viscosity. The coefficient of determination (R2) is 0.94. 
 
It is also recognized that gas diffusion in liquids, particularly in ionic 
liquids, does not depend exclusively on the viscosity of the liquid. In previously 
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reported predictive correlations for ionic liquids other parameters were 
considered, such as, molecular weight, density and molar volumes [67,69–72]. In 
this study, these parameters were also considered in order to obtain the best 
predictive diffusion coefficient correlation. All diffusion coefficients in this work, 
were obtained from measurements exclusively with pure CO2. For this reason, 
gas properties were not considered in the correlation. Equation 2.6 was obtained 
using 12 diffusion coefficient values experimentally determined from the 
cholinium-based ionic liquids samples at different water activities, at 30 °C. The 
viscosity (μ) of the ionic liquids considered in the correlation range from 32 to 
391 cP, the ionic liquids molar volume (𝑉𝑚𝐿𝐼) and density (𝜌) from 84 to 182 
cm3.mol-1 and 1.024 to 1.094 g.cm-3, respectively. The power factors of the 
parameters and their deviation errors were obtained from a non-linear least-
square minimization procedure with a global minimum target [83]. 





Figure 2.5 shows a comparison between the diffusion coefficients measured 
and the predicted values through the correlation developed (Equation 2.6) for the 
cholinium-based ionic liquids in the present work. The deviation of predicted 
values in relation to the measured diffusion coefficient values is lower than 25%. 
Hereupon, it is possible to predict the CO2 diffusion coefficients for the 
cholinium-based ionic liquids in the range of water activities considered. 
 
Figure 2.5 Comparison of carbon dioxide diffusion coefficient measured in cholinium-based ionic 
liquids, at 30 °C, with predictive values from the correlation proposed in this work. 
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2.3.4 Carbonic anhydrase: effect on carbon dioxide solubility and 
diffusion coefficient 
As previously mentioned, the present work also proposes the addition of an 
enzyme, carbonic anhydrase (CA), to the cholinium-based ionic liquids. In order 
to access the effect of the enzyme in the affinity of the ionic liquids towards CO2, 
solubility and diffusion coefficients were also determined for the cholinium-
based ionic liquids with 0.1mgCA/gIL at different water activity values. 
The carbon dioxide Henry’s constant obtained for the cholinium-based 
ionic liquids with 0.1mgCA/gIL, at 30 °C are represented in Table 2.6. Similarly 
to what was observed for the cholinium-based ionic liquids without CA, the 
Henry’s constant values in the presence of CA are higher for higher values of 
water activity. The highest affinity towards CO2 was also obtained for 
[Cho][Hexanoate]. Comparing the results obtained for the cholinium-based ionic 
liquids with CA with the results for the ionic liquid samples without CA (see 
Tables 2.4 and 2.6), it is generally observed that the presence of the enzyme 
enhances the affinity towards CO2. However, there were punctual cases where 
that enhancement was not observed. Because cholinium-based ionic liquids are 
extremely hydrophilic, in the cases where no enhancement was observed, the 
amount of water present may have been insufficient for the solvation of the ionic 
liquid and of the enzyme, which impacts in its activity/stability. In those cases, 
the competition for water between the ionic liquid and the carbonic anhydrase, 
could take place. The highest CO2 affinity enhancement achieved, reflected on 
the Henry’s constant was obtained for [Cho][Hexanoate] at the highest water 
activity, where a 𝐻𝐶𝑂2 decrease of 37% was found. 
In Figure 2.6(a) it is represented a comparison between the carbon dioxide 
solubility values obtained using the cholinium-based ionic liquids samples and 
the samples with 0.1mgCA/gIL. As it can be observed, the highest CO2 solubility 
values were obtained for cholinium hexanoate samples, in all range of water 
activity considered. Moreover, the presence of the CA promotes a higher CO2 
solubility enhancement in this ionic liquid. 
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Table 2.6 Carbon dioxide Henry's constant for the cholinium-based ionic liquids with 
0.1mgCA/gIL, at 30 °C. 
aw 0.216 0.576 0.753 0.836 
Ionic Liquid H (bar) 
[Cho][Hexanoate] 7.17±0.01 11.95±0.01 22.50±0.01 29.80±0.02 
[Cho][Propionate] 17.77±0.01 51.21±0.07 74.23±0.08 96.95±0.16 
[Cho][Acetate] 33.20±0.03 57.73±0.06 131.31±0.17 140.37±0.47 
 
  
Figure 2.6 (a) Carbon dioxide solubility in cholinium-based ionic liquids with 0.1mgCA/gIL and 
without CA as a function of water activity, at 30 °C; (b) Carbon dioxide diffusion coefficient in 
cholinium-based ionic liquids with 0.1mgCA/gIL as a function of water activity, at 30 °C. 
 
In Figure 2.6(b) are represented the results for CO2 diffusion coefficients in 
the cholinium-based ionic liquids in the presence of CA. The determination 
method was similar to the one described in the previous section. The results 
obtained for the diffusion coefficients were not as consistent as the ones obtained 
for the cholinium-based ionic liquids without CA. Nevertheless, the diffusion 
coefficient increases with the increase of water activity as a result of the 
cholinium-based ionic liquids viscosity decrease. For [Cho][Acetate] with CA at 
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aw = 0.576, the diffusion coefficient obtained was lower than the expected value. 
It is important to mention that, all samples were pre-equilibrated at a specific 
water activity after the addition of the enzyme. In this case, it is possible to 
consider that the water equilibrium is different from the pure samples, since the 
water affinity of the liquid system is altered due to the presence of CA. This fact 
is reflected on the amount of water incorporated in the cholinium-based ionic 
liquid samples with CA, which consequently changes the viscosity and the 
diffusion coefficient. In general, the behaviour obtained for the CO2 diffusion is 
less pronounced at higher water activities, when comparing with the samples 
without the enzyme. Despite of this fact, higher CO2 diffusion coefficients were 
obtained, at higher values of water activity. 
Aiming the application of these ionic liquids for the CO2 removal from gas 
mixture streams, it is extremely important to access the CO2 permeability in the 
cholinium-based ionic liquids. In this perspective, Figure 2.7 represents the CO2 
ideal permeability (𝑃 = 𝑆𝑥𝐷) for all samples of cholinium-based ionic liquids, 
without and with 0.1mgCA/gIL, at 30 °C.  
The results obtained for CO2 permeability in the cholinium-based ionic 
liquids, without and with CA, at 30 °C, ranging from 9.06x10-6 to 1.82x10-5 cm2.s-
1, are higher than the results reported for typical RTILs at lower water activities 
[67]. For example, Condemarin et al. [67] reported a permeability study with 
different gases in several RTILs based on ammonium, phosphonium and 
immidazolium cations, where the highest permeability achieved for CO2 at 30 °C 
was 7.8x10-6 cm2.s-1, obtained for [N(6)111+] [Tf2N−]. Although CO2 diffusion 
coefficients obtained in this work for the cholinium-based ionic liquids are 
similar to the ones reported for typical RTILs, the CO2 solubilities obtained are 
much higher and this is the reason why these ionic liquids possess higher CO2 
permeabilities in comparison to typical RTILs. 
Since diffusion increases with water activity increase and solubility 
decreases (see Figures 2.3(a), 2.3(b), 2.6(a) and 2.6(b)), there are cases were the 
decrease of solubility suppresses the effect of the diffusion increase, resulting on 
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such variation in the CO2 permeability values. For this reason, the behaviour for 
CO2 permeability does not follow strictly the tendency of water activity increase. 
In addition, the error values obtained by error propagation are two orders of 




Figure 2.7 Carbon dioxide permeability in the cholinium-based ionic liquids, without and with 
0.1mgCA/gIL as function of water activity, at 30 °C. (a) Cholinium Hexanoate, (b) Cholinium 
Propionate and (c) Cholinium Acetate. 
 
Regarding the effect of the enzyme, CA promotes a permeability 
enhancement in all cholinium-based ionic liquids for all water activities, meaning 
that the approach proposed in this work to enhance CO2 affinity towards 
cholinium-based ionic liquids using CA was well succeeded. The highest 
enhancement obtained (63%) was observed for [Cho][Propionate] at a water 
activity of 0.753. The results obtained, suggest that between all cholinium-based 
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ionic liquids studied in this work, [Cho][Propionate] is the one that possess the 
highest potential for CO2 transport and removal. On-going studies of gas 
permeability using supported ionic liquid membranes are being performed, as 
well as, selective capture of carbon dioxide from gas mixtures streams. 
 
2.4 Conclusions 
Carbon dioxide solubility and diffusion coefficients were determined for 
cholinium hexanoate, cholinium propionate and cholinium acetate, as well as 
density and viscosity measurements, in order to access these parameters’ 
behaviour as a function of water activity. A carbon dioxide diffusion coefficient 
correlation was achieved, allowing a good prediction of the diffusion coefficient 
in all range of water activities considered in the present work. It was shown that 
the dependency of CO2 diffusion coefficient with the viscosity in cholinium-
based ionic liquids is correlated to a power of -0.805, implying that its 
dependency is stronger than in other commercially available RTILs. In addition, 
carbon dioxide solubility and diffusion coefficients were also determined for the 
cholinium-based ionic liquids in the presence of carbonic anhydrase. 
The ideal permeability results obtained suggest that cholinium propionate 
is the ionic liquid that possesses the highest potential for CO2 transport and 
removal, despite the fact that the highest values of solubility were obtained for 
cholinium hexanoate. The presence of carbonic anhydrase (0.1mgCA/gIL), allows 
achieving a carbon dioxide transport enhancement for all water activities, with a 
maximum of 63% increase, for cholinium propionate at aw = 0.753. 
It was demonstrated that cholinium-based ionic liquids are potentially 
good alternatives for CO2 absorption and that it is possible to enhance their 
ability to transport CO2 using a biocatalytic reaction with carbonic anhydrase. In 
order to achieve an improved transport, higher concentrations of carbonic 
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Summary 
This work proposes a microfluidic gas – ionic liquid contactor for CO2 removal 
from anaesthesia gas, containing Xe. The working principle involves the 
transport of CO2 through a polymer flat membrane followed by its capture and 
enzymatic bioconversion in the ionic liquid solvent. Microfluidic devices enable 
a rapid and inexpensive screening of potential CO2 absorbers. The alveolar – type 
design of the ionic liquid chamber was adopted to reduce mass transfer 













the chosen polymer for dense membrane, as well as for the microfluidic device 
fabrication, mainly due to the high permeability of gases, O2 and CO2, and low 
cost. The selected ionic liquid was cholinium propionate (CP) with a water 
activity of 0.753, due to its high affinity towards CO2 and biocompatibility with 
the enzyme used for CO2 conversion to bicarbonate, carbonic anhydrase (CA). 
The CO2 and Xe permeability and CO2/Xe selectivity were determined in 
the microfluidic devices developed and compared to those exhibited by free 
standing PDMS membranes mounted on a standard permeation cell. The 
performance of the microfluidic devices as gas – ionic liquid contactors was 
evaluated for a given solvent flow rate with pure gas streams of CO2 and Xe. The 
obtained results show that cholinium propionate with or without the enzyme has 
no effect on the Xe transport, but remarkably enhances the affinity towards 




The most commonly used anaesthetic gas for surgical operations is nitrous oxide 
(N2O). The mixture of nitrous oxide and volatile anaesthetic compounds, mainly 
isoflurane, desflurane and sevoflurane, is introduced to the closed breathing 
system [6]. The main problem with such mixture is the risk of hypoxia. Hypoxia 
caused by the excessive amount of N2O, also called a ‘third gas effect’, influences 
the partial pressure of O2 within the alveolar channels. When high quantity of 
nitrous oxide is present in the alveoli, O2 and CO2 are diluted by this gas which 
leads to the decrease of their respective partial pressures resulting in insufficient 
blood oxygenation [84]. 
An alternative approach in order to replace nitrous oxide is to use Xe as an 
anaesthetic gas. The anaesthetic properties of Xe were discovered, analysed and 
described in the early 1950s [18]. Xe possesses a number of characteristics that 
make it a perfect anaesthetic compound. It is hemodynamically stable, which 
results in lack of cardiac depression, it produces high regional blood flow and it 
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possesses low solubility in liquids, greatly reducing the risk of hypoxia [84]. Xe 
is particularly attractive for the neonates as it attenuates isoflurane neurotoxicity 
[85]. Moreover, Xe is non – flammable, non – toxic, and does not contribute to the 
depletion of the ozone layer [84,86] compared to N2O; however, it is far more 
expensive (1 litre of produced liquid Xe consumes 792 kJ which costs 
approximately 1000 $, that is 100 times more than the price of N2O) [86]. Hence, 
recycling of Xe from the anaesthesia exhaled gas rather than wasting it to the 
atmosphere is the only way to ensure economic and efficient Xe use. 
The gas mixture exhaled from the patient during the surgical operation, 
where Xe is used as an anaesthetic gas, consists mainly of Xe (≈65%), O2 (≈27%), 
N2 (≈3.3%) and CO2 (5%) [6]. The conventional method of removing CO2 from the 
exhaled gas mixture in a closed – circuit technology relies on the use of soda lime 
that is composed of: calcium hydroxide, water, sodium hydroxide and potassium 
hydroxide. In this system the removal of CO2 is limited by the size of the CO2 
absorber canister [85]. Apart from this, the process is relatively efficient and 
commonly used, but it suffers from a number of problems. The soda lime, if 
allowed to dry up, can produce hydrogen and heat resulting in an explosion 
hazard; or can react with volatile anaesthetic compounds producing toxic side 
products (e.g. fluoromethyl-1-2,2-difluoro-a-(trifluoromethyl) vinyl ether [87] or 
carbon monoxide [6]) in the gas circuit. Therefore, several attempts, with 
alternative methods, are being investigated for the on – line removal of CO2 from 
anaesthetic closed circuits down to 0.5%. Mendes et al. proposed the use of a 
membrane contactor technology with commercial carbon molecular sieve 
membranes (CMSM) in the form of hollow fibres [88] or flat sheets [6], and 
diamine as CO2 absorber. High permeation and ideal selectivities for CO2/Xe and 
N2/Xe were obtained in the case of single gas experiments. On the other hand, 
multicomponent performance was adversely affected by Xe, that possesses a 
kinetic diameter of 4.04 Å, which is able to block the pores close to the CMSM 
surface (with diameters in the range of 3-5 Å) resulting in the reduction of the 
free pore space and limitation of the diffusion of other species. Hollow-fibre 
based non-volatile liquid membranes have been also successfully applied for CO2 
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removal from N2O anaesthesia mixtures containing halogenated hydrocarbons 
[3]. 
Recently, Yong et al. have described the use of a hollow fibre membrane-based 
gas-liquid contactor for CO2 capture using potassium carbonate as a solvent [89]. 
The authors propose the coating of the membrane surface, non-porous PDMS-PS 
or porous PP, with carbonic anhydrase (CA) enzyme by LbL technique to: i) 
increase mass transfer rates due to the reduction in pore wetting by the adsorbed 
polyelectrolytes; ii) to promote the CO2 absorption kinetics into K2CO3. However, 
a slight loss in enzyme activity due to immobilization is observed even during 
the short term kinetic studies.  
Additionally to all the trials focused on the membrane type, material and 
morphology, it was discovered that some ionic liquids possess high affinity 
towards CO2 and the addition of carbonic anhydrase increases this property 
remarkably [40,90]. CA is a naturally occurring thermoresistant metalloenzyme 
that works as a catalyst for the reversible conversion of CO2 into bicarbonate 
(HCO3-) at extremely high turnover rates. It regulates important biological 
processes within humans and other living organisms. This catalytic activity has 
been exploited for promoting the absorption of CO2 from N2 containing gas 
streams [40,60,91]. Neves et al. [40] described the use of supported liquid 
membranes for the integrated CO2 capture and enzymatic bioconversion. A 
commercial hydrophobic porous membrane made of polyvinylidene fluoride 
(PVDF) was used as a support for the immobilization of CO2 absorbing solvents, 
i.e. polyethylene glycol (PEG) 300 and 1-butyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl) imide ionic liquid. The CO2 solubility increased 
between 20% and 30%, even at low enzyme concentration (0.01% w/w) due to the 
chemical reaction enhancement factor [40]. 
In the last decade, biodegradable, biocompatible and environmental-friendly 
ILs that are synthesized by naturally-derived materials such as sugars and amino 
acids are gaining increasing importance. This novel class of ILs may provide an 
optimum media to stabilize proteins (i.e. enzyme) [45] which is of our interest for 
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the increase in CO2 capturing effect. Cholinium cations are quaternary 
ammonium cations ([N,N,N - trimethylethanolammonium]+) fully derived from 
natural products [47,90]. It was shown that the cholinium cations combined with 
a range of alkanoate anions or amino acids provide a media where living cells 
can actively grow [38,48]. Moreover, they show high CO2 capturing effect by 
absorption plus chemical reaction that take place due to their ammonium cations 
[49]. When compared to the commonly used ionic liquids for CO2 capture [92], 
the CO2 solubility values are lower, i.e. 0.209 mol/mol for 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide compared to 0.152 
mol/mol for cholinium propionate at 10 bar and 303 K. Nevertheless, cholinium 
based ILs show high biocompatibility and provide an environment where CA is 
active. 
Martins et al. [90] evaluated the CO2 solubility and diffusivity values in 
cholinium based ionic liquids as a function of water activity content and in the 
presence of CA (0.01% w/w). The highest CO2 solubility was obtained at the 
lowest water activity due to the lower solubility of CO2 in an ionic liquid with 
higher water content. However, in case of the ionic liquid combined with the 
enzyme, the highest enhancement in CO2 solubility was obtained with the largest 
aw because, under these conditions, the required water is available to assure the 
enzyme activity. As a result, the optimal water activity value was identified to be 
0.753. Among the tested ILs, cholinium propionate (CP) exhibited the highest 
potential for CO2 capture with a maximum transport enhancement of 63% in the 
presence of CA [90]. 
The present work pursues the proof of concept validation of a PDMS based 
microfluidic device as a gas – liquid contactor, with cholinium propionate and 
CA as a liquid phase, for the removal of CO2 from Xe anaesthetic gas. A priori, 
the high gas permeability values of dense free standing PDMS membranes could 
allow to fully exploit the advantageous effect of the CO2 enzymatic reaction in 
the liquid phase. In addition, due to miniaturization, the volume of ionic liquid 
required to fill the micro – chamber and the amount of CA are notably reduced 
while providing high throughput for the preliminary screening of different ionic 
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liquid-enzyme formulations at several working conditions. Furthermore, this 
approach could be of interest for Xe recovery systems that require low capacity 
as is the case of recirculating machines for neonates. Moreover, the general 
advantages of PDMS microfluidic devices in terms of fabrication (simplicity and 
cost), weight, size, easy integration and scaling up by replication and stacking by 
O2 plasma are also worthy to mention. The microdevice consists of two 
independent chambers (one dedicated to the liquid phase and the second one 
devoted to the gas phase) and a non-porous flat PDMS membrane in between. 
The gas, CO2 or Xe, is introduced in one of the chambers, permeates through the 
membrane and dissolves in the ionic liquid on the other compartment. An 
alveolar design has been mainly adopted for the liquid chamber to ensure that 
mass transfer of CO2 through the liquid phase, in order to reach the CA active 
reaction sites, does not become rate controlling. As in previous works, enhanced 
CO2 transport is expected due to the high solubility of CO2 in cholinium 
propionate assisted by the enzymatic CO2 conversion, both leading to greater 
driving force. In order to confirm such hypothesis the following tasks were 
performed: 1 – design and fabrication of a polymeric membrane and a 
microfluidic device with different geometries depending on the chamber 
purpose (liquid or gas); 2 – characterisation of the fabricated chip in terms of 
leaks, membrane detachment and maximum tolerable pressure for its validation 
as G-L contactor; 3 – determination of the single gas permeability values of free 
standing membrane; and, 4 – evaluation of the G-L microcontactor performance 
for CO2 capture due to the presence of CP solvent flowing in the liquid chamber 
and the use of CA to accelerate CO2 transport.  
 
3.2 Materials and Methods 
3.2.1 Materials 
3.2.1.1 Ionic liquid tested  
Cholinium propionate (CP) was used in the CO2/Xe separation procedure. The 
ionic liquid was prepared by neutralization of propionic acid (purchased from 
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Sigma-Aldrich, USA) in choline hydroxide. The resulting ionic liquid (IL) was 
equilibrated into a specific water activity, i.e. 0.753, with a sodium chloride salt 
(Applichem, Panreac, Germany). The water content corresponding to a given 
water activity was measured with a Karl-Fisher coulometer (Metrohm, model 831 
KF coulometer). 
 
3.2.1.2 Carbonic anhydrase enzyme 
Carbonic anhydrase (CA) lyophilized from bovine erythrocytes (ref: C3934, 
Sigma-Aldrich, USA), was used in this work without any further purification. 0.1 
mg of the enzyme was added to 1 g of ionic liquid, and the resulting mixture was 
placed on the mixing plate till complete dissolution. 
 
3.2.1.3 Ionic liquid and enzyme preparation 
Taking into account that CO2 is a Lewis acid, the absorbents which are chemically 
reactive with CO2 are usually bases [49]. Thus, cholinium – based ionic liquids 
show high CO2 capturing effect due to their ammonium cations. One of the 
parameters affecting the performance of the ionic liquids is their water activity 
(aw). Henry’s constant, which is the inverse of gas solubility, increases with the 
increase of aw. The water activity selected for the permeation experiments was 
equal to 0.753 based on the results obtained by Martins et al. [90]. Table 3.1 shows 
the parameters of the ionic liquid and the enzyme selected for this work. The 
enzymatic activity of CA is derived from a Zn2+ ion that is coordinated to three 
histidine residues near the centre of the molecule in a cone-shaped cavity. 
 
3.2.1.4 Gases 
The gases used in the experiments were xenon, Xe (purity grade 99.999%, Praxair, 
USA), carbon dioxide, CO2 (high-purity grade 99.998% Praxair, USA) and 




Table 3.1 Parameters of the liquid phase used for CO2 capturing experiments. 
Ionic Liquid Cholinium propionate (CP) 





Viscosity (Pa∙s) 0.039 
Water activity 0.753 
Water content (%) 35.7 
Henry Constant CO2 
(bar) 
65.59 
CO2 Diffusivity (m2∙s-1) 3.3·10-10 
Ionic Liquid + Enzyme Carbonic Anhydrase (CA)* 
CA conc in IL (mg∙g-1IL) 0.1 
 
Water activity 0.753 
Water content (%) 40.9 
Henry constant CO2 
(bar) 
74.23 
*The depicted chemical structure only corresponds to the central part of the molecule 
 
3.2.2 Methods 
3.2.2.1 Design and fabrication of the PDMS chip 
The microfluidic device used in this work was entirely made of 
Polydimethylsiloxane (PDMS; Sylgard 184 Dow Corning, Midland, MI). PDMS 
was used due to its optical transparency, biocompatibility and mechanical 
properties which mean that it can be easily released from moulds and it conforms 
to surfaces. It consisted of two chambers, where one was dedicated to gas and 
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the other to ionic liquid (CO2 solvent). Both compartments were separated by a 
dense membrane (approximately 60 μm thick) made of the same material. The 
gas chamber, in the form of an empty reservoir, possessed a number of 
supporting pillars in order to reduce the risk of membrane and chip collapse. 
Liquid channels were arranged in a branching-like-architecture, including flow 
distributors, so the ionic liquid could circulate in a homogenous flow regime to 
reduce dead volume (see Appendix B, Figure S1) and to avoid high pressure drop 
across the structure when dealing with high viscous fluids. Computer modelling 
in COMSOL Multiphysics 5.0 was done to calculate the pressure exerted on the 
walls of the liquid chamber for the CP ionic liquid at a liquid flow rate of 0.01 
mL·min-1. The estimated ΔP in the liquid chamber was equal to 0.14 mbar. Thus, 
the branching-like architecture allows to work with high viscous ionic liquids 
without the risk of pressure build up, channel blockage and chip collapse; unless 
fabrication defects or inadequate chip punching lead to obstructed channels. The 
depth of the liquid channel, i.e. 100 µm, also aimed to minimise mass transfer 
limitations in the permeate side. 
The liquid as well as gas channel moulds were fabricated using a 
fabrication procedure reported previously by several authors [93–97] (See 
Appendix B, Figure S2). Briefly, the masters were prepared by standard 
photolithography to create a pattern in SU-8 photoresist (SU-8 50 DE 
MicroChem) deposited on a flat silicon substrate (Figure 3.1 A-B). SU-8 is a 
commonly used epoxy-based negative photoresist, which is a light sensitive 
material, that is used to form a patterned coating usually on a silicon wafer 
surface. Next, PDMS pre-polymer and curing agent were thoroughly mixed in a 
ratio 10:1 and placed in the vacuum chamber for degassing. PDMS was poured 
on the masters and placed in the oven for 45 min at 80 oC (Figure 3.1 C). The 
moulds were peeled off from the silicon wafer, cut to the required size and 
punched for inlet and outlet by a round punch (TiN Coated Round Punch, 
Syneo). Fabricated chambers were immersed in the solution of isopropanol 
(Sigma Aldrich) and placed in the ultrasound bath for approximately 2 min in 
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order to remove any possible dust that could be attached to the inside of the 




Figure 3.1 Process outline of the microfluidic chip fabrication. SU-8 negative photoresist was spin 
coated on the silicon wafer (A), mask alignment, UV exposure and SU-8 development (B), PDMS 
was poured on a created mould (C) and peeled off after curing. The membrane was prepared by 
spin coating on a silicon wafer (D) and connected to the PDMS mould by O2 plasma procedure 
(E). After curing in the oven, the membrane and the chamber was peeled off of the wafer and 
connected to the other chamber (F). 
 
The PDMS membrane was made by spin coating (WS-400BZ, Laurell 
Technologies Corporation Spin Coater) on the surface of another wafer. The 
PDMS precursor solution was placed on the wafer and spincoated at 1000 rpm 
during 1 min resulting in a membrane thickness of 60 μm (Figure 3.1 D). The 
fabricated PDMS platform dedicated to liquid was placed inside the O2 plasma 
chamber (Diener electronic, Plasma-surface-technology) operating at 0.4 mbar, 
120 W and 50% of O2 during 50 s, in order to activate the surfaces, which will 
enable connecting the PDMS platform to the PDMS membrane [98] (Figure 3.1 
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E). After the surface was functionalized with O2 plasma, the PDMS compartment 
was connected to the membrane and peeled off from the wafer. Next, the other 
platform was placed inside the O2 plasma chamber, functionalised and connected 
to the other side of a membrane resulting in a microfluidic device made of two 
independent PDMS compartments (Figure 3.1 F). The fabricated chips were free 
of dust and other particles and both chambers were well attached to the 
membrane, no leaking was observed. Figure 3.1 A-F shows the process flow of 
the PDMS chip fabrication. 
 
3.2.2.2 Characterisation of the microfluidic device 
The liquid chamber architecture enabled uniform flow of the ionic liquid through 
the branching construction of the microchannels while capturing CO2 
permeating through the PDMS membrane. Use of PDMS elastomer facilitated 
chip fabrication and reproduction of the same design with thin non-porous 
membrane attached to the chambers. Four replicas of the same design were 
fabricated. All of them possess a membrane of approximately 60 μm thickness, 
but slightly differ in the thickness of the PDMS mould compartment, varying 
from 0.8 to 1 cm due to the fabrication procedure. The four chips were built and 
tested; each device was capable to work for many hours under the conditions 
indicated below. 
Figure 3.2 A shows the photograph of a microchip with the liquid chamber 
filled with blue dye and the gas compartment filled with pink dye to visualize 
the flow path. The image indicates that the filling of the gas and liquid channels 
was homogenous, demonstrating that there was no dead volume. Metallic pins 
(precision stainless steel dispense tips from Nordson, The Netherlands) with 
outer diameter of 0.025” and gauge 23 were inserted at the inlet and outlet of gas 
and liquid compartments to facilitate introduction of the piping into the 
microchip. Metallic pins and piping also contribute to the increase of a pressure 
drop across the entire system. To avoid deformations or leaks in the chip the 
maximum allowable pressure in the gas side was 0.1 bar. On the other hand, the 
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maximum allowable liquid flow rate was equal to 0.01cm3·min-1, leading to the 
pressure drop of the liquid side, considering piping, pins and the chamber, to 
approximately 6 mbar. The SEM (CSEM-FEG INSPECT F50) picture of a cross 
section of the microdevice was taken after coating the PDMS with platinum by 
low vacuum coater (Leica EM ACE200). Figure 3.2 B indicates that the membrane 
is well attached to the microfluidic chambers. 
 
 
Figure 3.2 PDMS microfluidic device (A) with food dye for better visualisation of liquid and gas 
chamber and (B) SEM image of a microchip cross section. 
 
The volume of the gas chamber was equal to 0.073 cm3 and volume of the 
liquid was 0.038 cm3, while the depth of each chamber was equal to 100 μm. The 
chip footprint, defined as the total size of the microfluidic device taking into 
account its width and length, was equal to 18.9 cm2 making it a very compact 
system. The membrane surface area was 3.87 cm2, resulting in a 3500 m-1 
S/Vliquid+gas ratio. 
 
3.2.2.3 Single gas permeation experiments on PDMS membranes 
Firstly, the permeability of a free-standing PDMS membrane was evaluated, 
according to the method previously described by Neves et al. [40]. The system 
was composed of a gas source, gas compartment, pressure transducers (Druck 
PDCR 910 models 99166 and 991675, England) and temperature controller which 
was immersed in a water bath. The stainless-steel cell was made of two identical 
chambers (6 cm3) dedicated to the feed and permeate with the membrane in 
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between. The stainless-steel cell was placed in a water bath at 30 oC. The 
permeability of three different pure gases was measured: CO2, O2 and Xe. The 
identical compartments were pressurized with pure gas, and after opening the 
permeate outlet (see Figure S3 in Appendix B) a pressure difference of about 0.7 
bar was imposed. The pressure decay on the feed side and the pressure increase 
on the permeate side were recorded using two pressure transducers. 
 
3.2.2.4 Single gas permeation experiments on microfluidic devices 
containing ionic liquids and enzyme 
The experiments with ionic liquids were carried out in the experimental system 
shown in Figure 3.3. In this case, there was one pressure transducer connected to 
the gas chamber while the ionic liquid, without and with the enzyme, was fed by 
a syringe pump connected to the liquid chamber, i.e. permeate side, at 0.01 
cm3∙min-1. The outlet of the liquid side was left open to the atmosphere so there 
was always a fresh portion of ionic liquid entering the compartment. The 
permeation of Xe and CO2 was measured. The gas compartment was pressurized 
up to approximately 0.1 bar. After equilibrium, valve V3 was opened while all 
the other valves were closed. The temperature was kept constant at 30 oC. 
 
Figure 3.3 Experimental system for measuring the transport rate of CO2 and Xe in the presence 




The equations presented below were used for calculating the permeability of a 
free-standing membrane. Moreover, the global mass transfer coefficients were 
also calculated for the chip under operation with the liquid compartment filled 
with ionic liquid or with ionic liquid and enzyme. The equations and 
assumptions used are presented below. 
 
3.2.3.1 Gas permeability calculation of a free-standing membrane 
Single gas permeability of a free-standing membrane was calculated according 
to Equation (3.1), which was derived from the mass balance equation under non-










where Pfeed and Pperm are the pressures in the feed and permeate side, respectively 
(bar), t is time (s), l corresponds to the membrane thickness (m), p is the 
membrane permeability (m2 s-1) and β (m-1) is a parameter which depends from 
the geometry of the compartment and is given by: 







where Vfeed and Vperm are the volumes of the feed and permeate chambers, 
respectively (m3), and A is the membrane surface area (m2). In the experimental 
system used for our measurements the value of β was equal to 106.38 (m-1). The 
conversion of permeability expressed in m2.s-1, into units of barrer is described in 
detail in [99].  
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The permeability of the free-standing membrane, calculated by the 
presented method, was used for the evaluation of individual resistances in the 
liquid phase (see section below). 
 
3.2.3.2 Calculation of global mass transfer coefficient, individual 
resistances and enhancement factor 
The flux of CO2, denoted as J (mol∙m-2∙s-1), from the gas to the liquid side in a 
membrane contactor is governed by Equation (3.3):  
𝐽 = 𝐾∆𝐶 = 𝐾(𝐶𝐺 − 𝐶𝐺
∗) (3.3) 
where K (m∙s-1), is the overall mass transfer coefficient for CO2 transport, ΔC is 
the driving force: CG is the concentration of CO2 in the gas phase and CG* is the 
concentration of CO2 in the gas phase that is in equilibrium with the CO2 
concentration in the bulk liquid phase. Under the experimental conditions 
chosen for the evaluation of KCO2, the hypothetical concentration of CO2 in 
equilibrium with the CO2 dissolved in the ionic liquid (CG*), can be considered 
negligible due to the CO2 Henry constant value of the selected cholinium-based 
ionic liquid (see Table 3.1) and the continuous feeding of fresh ionic liquid to the 
chip (0.01 cm3∙min-1).  
The mass transfer coefficient for the ionic liquid or ionic liquid with enzyme 
was calculated from the exponential fit of the normalized pressure decay curve 




= 𝐾 ∙ 𝐴 ∙ (𝐶𝐺 − 𝐶𝐺
∗) (3.4) 
where, A is the membrane surface area (cm2). 
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The overall mass transfer coefficient for gas transport in a G-L membrane 













0  (3.5) 
where 𝑘𝐺  is the individual mass transfer coefficient in the gas phase (m.s-1), 𝑘𝑀  is 
the individual mass transfer coefficient associated with transport through the 
membrane (m.s-1), 𝑘𝐿
0 is the individual liquid phase mass transfer coefficient (m.s-
1) in absence of chemical reaction, i.e. without the CA enzyme, m is the Henry’s 
law constant (dimensionless) and E is the enhancement factor due to the 
enzymatic reaction (dimensionless) which can be expressed as in Equation 3.6 for 
first order reactions, which is reasonable to assume because the enzyme is far 





where Ha is the Hatta number which relates the overall absorption rate to the 
physical absorption rate of CO2.  
The membrane resistance (RM) is calculated simply by the inverse of the 
individual mass transfer coefficient inside the membrane (
1
𝑘𝑀
). Similarly, the 
resistances resulting from the presence of ionic liquid (RCP) or ionic liquid with 
the enzyme (RCP+CA) are calculated from the inverse of the mass transfer 
coefficient of the IL (
1
𝑚𝑘𝐿







The overall mass transfer coefficient expression can be simplified further to 
be solely dependent on 𝑘𝑀 and 𝑘𝐿
0 because all the experiments herein performed 











3.3 Results and Discussion  
3.3.1 Permeability of a free–standing membrane 
Figure 3.4 shows the normalized ΔP/ΔP0 decay (defined using t = 0 as reference) 
as a function of time divided by the membrane thickness, for two different free-
standing membranes (60 μm thick and 126 μm thick). The measurements were 
performed for O2, Xe and CO2. The raw data (see Figure S4, Appendix B) shows 
that the pressure decrease of the feed is equal to the increase of pressure at the 
permeate indicating that the volumes of the feed and permeate chambers are 
identical. As it was expected, the slowest ΔP/ΔP0 decrease is observed in case of 
O2 which has the lowest permeability through the PDMS membrane and the 
fastest decrease is detected for CO2, which has the highest permeability through 
PDMS. This is in agreement with previous findings [100] and technical 
information provided by PDMS membrane suppliers. In all the cases, the mass 
balance is satisfied within ±5%. 
The objective of the experiment with a free-standing membrane was to 
validate the experimental system, confirm the calculation procedure and to 
compute the permeability of the spin – coated non – commercial PDMS 
membranes (See Table 3.2). There are several factors influencing the permeation 
through PDMS membranes, being the two most important ones the mixing ratio 
and curing temperature during membrane preparation. The mixing ratio of the 
PDMS prepolymer to the curing agent used in this work was 10:1. This ratio is 
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suggested by the polymer provider and leads to a good balance between 
permeability and mechanical stability of the material. In general, a higher 
amount of cross–linker leads to a more mechanically stable structure with lower 
permeability [101–104]. Thus, the optimal prepolymer: curing agent ratio 
depends on the final application. 
 
 
Figure 3.4 Normalized pressure drop in the experiments with three different gases (O2, Xe and 
CO2) for two distinctive free-standing membranes (60 μm thickness and 126 μm thickness). 
 













60 357 854 620 1.4 
126 310 843 612 1.4 
 
Additionally, it is concluded from Table 3.2 that the permeability of Xe is 
only slightly lower than that of CO2 with an ideal selectivity of 1.4. In fact, the 
values of the Lennard – Jones kinetic diameters are similar, 3.94 Å and 4.04 Å for 
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CO2 and Xe, respectively [105]. Merkel et al. [100] studied the permeability of 
different gases in PDMS and they concluded that, even though the kinetic 
diameters of gases are similar, permeabilities can be different as a result of 
relative solubility of a gas in PDMS. Typically, gases with higher critical 
temperatures, such as CO2, exhibit high condensability and are more soluble in 
polymers as well as in liquids.  
 
3.3.2 Gas transport in the microfluidic device 
The gas permeation experiments through the membrane integrated in the 
microfluidic chip were carried out in the experimental system shown in Figure 
3.3. In this case, the liquid chamber was empty and the valves connecting the 
chamber to the atmosphere were closed. The pressure decay was recorded for Xe 
and CO2. Figure 3.5 shows the comparison of normalized pressure drop for four 
different chips in the case of CO2. 
 
 
Figure 3.5 Normalized pressure drop of CO2 in the four different chips. 
 
For raw data of the pressure decrease at the feed side and pressure increase 
at the permeate side for CO2 inside one of the chips, see Figure S5, Appendix B. 
The pressure in the feed side decreases slower than the pressure at the permeate 
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increases. This is related to the difference in the volume of the two chambers. 
Considering that the feed chamber consists of a gas compartment made of a 
stainless steel connected to the gas side of the microdevice and accounting for all 
the connections, the total volume of the feed side is 72.83 cm3. On the other hand, 
the permeate side consists only of a liquid chamber of the microfluidic device 
and the piping resulting in a volume of 0.12 cm3. Additionally, in the proposed 
microdevice there is not only a membrane which is made of PDMS but also both 
chambers. Unlike free-standing membrane experiments, the amount of CO2 
moles permeating from the feed side significantly differed from the amount of 
CO2 moles appearing on the permeate side. The contribution of CO2 sorption on 
the PDMS side walls accounts for up to 15%. In other words, the gas permeates 
not only through the membrane but through the chamber walls as well, resulting 
in modified gas transport values. In this scenario, a significant contribution of the 
PDMS walls effect on the recorded pressure variation in the feed side is expected. 
To corroborate such hypothesis, the CO2 permeability measurements of chip 4 
were carried out slightly different: before the pressure decay measurement, the 
microfluidic device was saturated with CO2 for about 3 h. After that time, the 
measurement was performed as it was described above. The purpose of this 
procedure was to saturate the PDMS walls with CO2. Therefore, the total 
transport of CO2 occurred in the membrane rather than in the PDMS walls. This 
is visible in Figure 3.5 where the highest decay of the normalized pressure is 
observed in chip 4. Hence, it was decided that to avoid the contribution of the 
PDMS walls in the gas permeation, the values of the PDMS membrane 
permeability and a membrane resistance for a given gas will be taken from the 
experiments presented in the previous section for a free – standing membrane 
(see Table 3.2) rather than from the measurements of gas permeation in the 
membrane integrated in the chip. 
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3.3.1 CO2 transport enhancement due to cholinium propionate ionic 
liquid and carbonic anhydrase enzyme 
To increase the CO2 capturing effect, cholinium propionate ionic liquid, CP, alone 
or combined with the carbonic anhydrase enzyme, CA, was introduced in the 
liquid chamber by a syringe pump with the flow rate of 0.01 cm3.min-1 (see Figure 
3.3). The experiments were carried out for four different chips with PDMS dense 
membrane, 60 μm thick. However, in order to ensure the selectivity of the 
process, which is the separation of CO2 from Xe in an anaesthesia gas stream, the 
transport of Xe in presence of cholinium propionate and cholinium propionate 
combined with carbonic anhydrase has to be investigated. Therefore, the same 
set of experiments were carried out in the case of Xe. As it was done in the 
previous measurements, pressure decay of the analysed gas was recorded and 
the calculation of the resistance of each process as well as the mass transfer 
coefficients were performed.  
Figure 3.6 shows the normalized pressure decay in the feed side for all three 
experimental configurations as a function of time for CO2 (A) and Xe (B), 
respectively. There is no visible effect of ionic liquid and the enzyme on the 
affinity to Xe, in comparison to the measurements with the empty liquid 
chamber. Accounting from preliminary results of Xe solubility in bulk cholinium 
propionate ionic liquid, i.e. negligible [90] (see Figure S6 in Appendix B), the Xe 
pressure decay profiles depicted in Figure 3.6 B could be explained by the 
contribution of Xe sorption on the walls of the PDMS chambers. 
On the other hand, there is a slight enhancement in the pressure decay in case 
of CO2 and ionic liquid. The CO2 pressure decreases even more rapidly as a result 
of the enzymatic reaction, i.e. due to the presence of the enzyme in the ionic 
liquid. Figure 3.7 represents the final decay of pressure in the feed side of the four 
different chips. The normalized pressure decay of the four chips is presented in 
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the supplementary information (Appendix B, Figure S7).  It is visible that the 
ionic liquid has an influence on the CO2 transport and it increases it moderately. 
However, a significant increase  in CO2 transport is obtained when the enzyme 
is added to the IL, which is in agreement with previous works and results 
obtained by Martins et al. for the immobilization of carbonic anhydrase in 
cholinium propionate in a bulk system [90]. 
 
 
Figure 3.6 Normalized pressure decay in the feed side over time in the empty chip 1 (no IL), the 
chip 1 with cholinium propionate and the chip 1 filled with cholinium propionate and carbonic 
anhydrase for CO2 (A) and Xe (B). 
 
 
Figure 3.7 Enhanced CO2 transport due to the presence of ionic liquid and the enzyme in the 
liquid chamber: results for the 4 different chips prepared in this work. 
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The individual mass transfer coefficient for transport through the 
membrane, kM, and the global mass transfer coefficients for CO2 transport, 𝐾𝐶𝑂2 
with ionic liquid and with ionic liquid combined with the enzyme are presented 
in Table 3.3. The mass transfer coefficient for the membrane, kM is calculated by 
dividing the permeability value by the thickness of each membrane integrated in 
the microfluidic device. The global mass transfer coefficients for CO2 transport, 
𝐾𝐶𝑂2 is calculated from Equation (3.4). In the case of Xe, the calculation of the 
overall mass transfer coefficient cannot be performed following the same 
procedure since there is not a measurable absorption of Xe in the ionic liquid. 
Table 3.3 also shows the enhancement factor, as well as, the molar flux ratio 
between CO2 and Xe, i.e. 𝐽𝐶𝑂2 /𝐽𝑋𝑒. 
Above all, the results obtained indicate that the main controlling resistance 
to CO2 transport in the gas – liquid membrane contactor is located in the liquid 
phase. We found that individual liquid phase resistance values, RCP, are in the 
range of 86-90% of the total resistance. The overall mass transfer coefficients are 
two orders of magnitude lower than the ones presented by Yong et al. due to the 
higher viscosity of the ionic liquid (39 mPa∙s vs 2 mPa∙s) and the much lower 
solvent Reynolds number (0.001 vs 20) used in this work. Additionally, in our 
case, it was decided to not increase the flow rate of the IL because this would 
augment the pressure drop in the entire system, above the limit of 0.1 bar, leading 
to deformation and leaks in the chambers. The enhancement factor on CO2 
transport due to the presence of the enzyme increases up to an average value of 
1.6. This value is rather positive when compared with published results [89], in 
particular if we take into consideration the low enzymatic concentration used in 
the microfluidic device, i.e. 0.1 mgCA/gIL. The enhancement factor (E) results, 
after addition of carbonic anhydrase to the cholinium propionate ionic liquid, are 
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in agreement with the results obtained by Martins et al. for bulk experiments [90], 
where an enhancement factor of 1.6 was also obtained. This observation supports 
the benefits of the alveolar type design for ensuring the facile access of CO2 to the 
CA active reaction sites. Moreover, the CO2/Xe molar flux ratio after addition of 
the ionic liquid and the enzyme is as high as 3.3 compared to 1.4 ideal selectivity 
obtained using the PDMS membrane. 
 
Table 3.3 Mass transfer coefficients, resistances and enhancement factor for CO2 transport 
in cholinium propionate and cholinium propionate combined with carbonic anhydrase. 
RCP is the resistance in the ionic liquid, RCP+CA is the resistance in the ionic liquid combined 
with the enzyme, E is the enhancement factor due to the chemical reaction. 
































1 1.19∙10-5 1.24∙10-6 89.6 2.11∙10-6 82.3 1.9 3.5 
2 1.17∙10-5 1.25∙10-6 89.3 2.07∙10-6 82.3 1.8 2.9 
3 1.10∙10-5 1.58∙10-6 85.6 2.11∙10-6 80.8 1.4 3.8 




Since there is no Xe absorption by the ionic liquid it can be totally recycled 
in a closed anaesthetic circuit as represented in Figure 3.8. 
 
Figure 3.8 Simplified scheme for CO2 removal and Xe recycling in a closed anaesthetic circuit. 
 
3.4 Conclusions 
In summary, we have investigated the effect of an ionic liquid and its 
combination with carbonic anhydrase to remove CO2 from Xe used in 
anaesthesia. The microfluidic experimental system was designed as a membrane 
contactor working in a semi-continuous operation mode. Even though the 
permeability of PDMS for Xe and CO2 was similar, the cholinium propionate and 
cholinium propionate in combination with carbonic anhydrase showed the 
enhancement in the CO2 capturing effect, while there was no effect on the Xe 
transport rate.  
Our work demonstrates the proof of concept for CO2 removal from 
anaesthesia gas circuits through a membrane contactor in the form of a 
microfluidic device. Thanks to miniaturization, the consumption of chemicals, 

















significant enhancement factor and molar flux ratio of CO2/Xe using very small 
concentration of CA enzyme 0.1 mgCA/gIL.  
Further research should also consider: i) alternative non–permeable materials 
with higher mechanical resistance for the fabrication of the microfluidic 
chambers; ii) exploring novel membrane architectures (porous, corrugated) to 
increase the S/V ratio; and, iii) use of higher concentrations of the CA enzyme 
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Summary 
Nowadays, the reutilization of anaesthetic gases is accomplished by capturing 
carbon dioxide with soda lime, a solid adsorbent mostly composed by calcium 
and sodium hydroxide. To overcome the issues regarding the use of soda lime, 
this work proposes an alternative process to remove carbon dioxide through the 
use of a membrane contactor combined with a biocompatible ionic liquid (IL), 
cholinium lysinate, with high absorption capacity (5.9 molCO2/kgIL). The carbon 
dioxide removal rate and IL solution regeneration, were assessed, varying the 
feed gas composition, relative humidity and ionic liquid flow rate conditions. 
Overall mass transfer coefficients and separation factors were determined. From 
the results obtained, the proposed system is feasible to remove carbon dioxide 
from anaesthetic gas circuits. Moreover, the system working operation time 
obtained was 63 hours, which in a mass basis comparison with soda lime (current 















In the conventional technology to remove carbon dioxide (CO2) from inhalation 
anaesthesia circuits, a container with soda lime is used to adsorb and degrade the 
expired gases and anaesthetics [106]. Soda lime is composed mostly by calcium 
and sodium hydroxide, which is proved to remove CO2 efficiently [107]. 
Furthermore, it is used in anaesthetic circuits in a closed-loop operating mode, 
where the expired CO2 is removed to allow the recovering and recycling of the 
non-absorbed anaesthetics. Typically, the inhaled anaesthetic gas mixture is 
composed by 70% of the anaesthetic gas and 30% of oxygen, which results in an 
exhaled gas mixture with 65% of anaesthetic gas, 27% of oxygen, 5% of carbon 
dioxide and 3% of nitrogen. The reuse of the non-absorbed anaesthetics is only 
possible if the carbon dioxide concentration is lowered down to 0.5% [6,108]. 
Even though soda lime is used in these circuits, efforts must be done to 
replace the current technology, due to existent drawbacks. Several studies show 
that volatile halogenated hydrocarbons typically present in anaesthetic streams 
(e.g. sevoflurane, desflurane and isoflurane) can react with soda lime with low 
water content, being chemically degraded to vinyl-ether molecules known as 
compounds A–E [106,109]. These compounds, along with other toxic 
compounds, such as carbon monoxide, may present potential life-threatening 
complications [110,111].  
The most used technique for CO2 capture (from diverse gas streams 
sources) is absorption using aqueous amine solutions, specially solutions 
containing monoethanolamine (MEA) [32]. This technique consists in scrubbing 
CO2 from a gas mixture with the aqueous amine solution in a packed column, 
followed by a liquid regeneration step with stripping water vapour at 
temperatures between 373 and 393 K [33]. However, drawbacks including 
corrosion, oxidative degradation, negative environmental impact, high volatility 
leading to considerable losses of the absorbent, chemical and thermal instabilities 
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and low energy efficiency, motivate researchers to seek for more efficient and 
environment-friendly alternatives [32,112–114]. 
Studies on CO2 capture using different absorption systems increased 
progressively over the last three decades, where ionic liquids (ILs) are emerging 
as a potential alternative [34]. ILs are liquid salts with negligible volatility and 
their potential to capture CO2 is recognized due to their unique properties, such 
as the ability to be tuned for each specific process, excellent thermal stability, 
structural functionality, among others. Furthermore, ILs are able to work as 
solvents and also for this reason their potential is being explored to replace 
conventional CO2 absorbents [35]. CO2 capture and conversion studies using 
amino-acid based ILs combined with the cholinium cation, revealed their strong 
ability to react with CO2, are more resistant to oxidative degradation and exhibit 
higher thermal stability [90,108,115–118]. Additionally, this group of ILs is even 
more interesting due to their low toxicity, biocompatibility and biodegradability. 
Bhattacharyya et al. [117] synthesized novel ILs containing choline ([Cho+]) based 
on ether functionalized cations with amino acid ([AA]) anions, aiming an 
effective CO2 capture performance and stability in the presence of oxygen. The 
synthesized [N1,1,6,2O4][Lys] IL presented a CO2 capture capacity of 4.31 molCO2/kgIL 
(at 293 K). Li et al. [115] studied the absorption of CO2 in 30 wt% aqueous 
solutions of [Cho][AA]s ILs, obtaining a CO2 capture capacity of 0.89 molCO2/kgIL 
for the cholinium lysinate ([Cho+][Lys-]) IL, at 303 K and close to the atmospheric 
pressure. Li et al. proposed the use of aqueous solutions of this family of ILs, in 
order to reduce the viscosity, the gas-liquid mass transfer resistance, as well as to 
turn the ILs more economically viable for the CO2 capture application, when 
compared to less expensive solutions such as aqueous amines. 
The use of porous membrane contactors for CO2 capture using ionic liquids 
or amino acid salt solutions, as liquid absorbents has also been addressed [119–
122]. In this approach, a porous hydrophobic membrane is used to promote the 
contact between gas and liquid phases, without dispersion of one phase into the 
other. Furthermore, the hydrophobic character of the membrane prevents the 
liquid from entering the pores, minimizing the mass transfer resistance of the 
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membrane. Thus, the membrane acts as a separation barrier providing an 
interfacial area for mass transfer,  while the selectivity is given by affinity to the 
liquid phase [20, 24]. Portugal et al. [108] proposed this approach for the CO2 
removal from anaesthetic gas circuits. A 2D numerical model was developed for 
the transport of CO2 through hollow fibres using potassium glycinate solutions, 
as the liquid absorbent, and a composite membrane made of a porous support of 
polyethylenimine (PEI) and a polydimethylsiloxane (PDMS) dense thin layer. For 
the same purpose, Sirkar et al. [3] proposed the use of hydrophilic porous hollow 
fibre membrane contactors, with different solutions of glycinate/glycerol 
immobilized inside the pores. In this work, the immobilized membranes were 
tested with simulated breathing gas mixtures containing halogenated 
hydrocarbons (HHCs), like sevoflurane, desflurane, enflurane and halothane. 
Another alternative process was presented by Malankowska et al. [124] using a 
microfluidic gas-ionic liquid contactor, with a cholinium propionate solution 
containing the carbonic anhydrase enzyme, for CO2 enhanced transport, to 
remove CO2 from anaesthetic circuits with xenon.  
Following this concept, the present work discusses the removal of CO2 from 
a closed-loop system containing complex gas mixtures with anaesthetic agents, 
using a membrane contactor comprised of porous capillaries of 
polytetrafluoroethylene (PTFE) and a cholinium lysinate ionic liquid solution as 
a biocompatible and cost-effective CO2 absorbent. The IL solution contains 50 
wt% of water, to minimize operation constraints (i.e. overpressure inside the 
capillaries due to the high viscosity), as well as to reduce the cost when 
comparing to the operation with an IL with higher purity. Regarding the porous 
membrane selected, it is recognized that PTFE possesses high chemical resistance 
and retain their non-wetting behaviour even in the presence of corrosive 
chemicals [125]. For this reason, EclipseTM membranes were selected for the 
present study. To validate the concept proposed, the following aspects were 
investigated: 1) Total CO2 capture capacity of the system; 2) CO2 capture capacity, 
with humidified and dried simulated exhaled N2O streams, with low CO2 partial 
pressures; 3) IL solution regeneration efficiency using a sweep gas. The overall 
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mass transfer coefficient and the CO2/N2O separation factor (𝑆𝐹) were also 
evaluated and the proposed technology for CO2 removal was compared with the 
present technology using soda lime. 
 
4.2 Theory 
4.2.1 CO2 absorption with chemical reaction 
[Cho+][Lys-] is an IL derived from the cholinium family with the amino acid 
lysine as anion. Despite the existence of physical diffusion of CO2 in this IL, the 
dominant phenomenon of transport is attributed to the chemical reaction 
between the IL and CO2 [126]. [Lys-] anion is an amphoteric species which, 
combined with the [Cho+] cation, acts as a Lewis acid due to the presence of the 
ammonium group in the cation. In the presence of water the [Lys-] anion with its 
two amino groups acts as a strong base and CO2 absorption occurs via 
bicarbonate and carbonate formation [126]. In Figure 4.1 are represented the 
chemical structures of the most important species in water and in the presence of 
CO2. 
 




Due to the strong basic character of [Cho+][Lys-] IL solution (pH~13), the 
contact between the amino groups and bicarbonate is extremely reactive. At this 
pH the amine of the alkyl side chain of lysinate anion can be partially protonated 
since its pKa is 10.53, consequently the CO2 molecules converted into bicarbonate 
ions bind first to this amine. As CO2 is absorbed and the pH decreases, the amine 
of the carboxylic acid functional group is able to protonate and bind the 
bicarbonate ion, as the pH approaches to its pKa ~ 8.95 [127]. 
The following simplified model describes the CO2 absorption by chemical 




↔ H+ + OH−         (4.1) 









2− + [Cho+][Lys−]H+    (4.3) 
[Cho+][Lys−] + H+
K4
↔ [Cho+][Lys−]H+      (4.4) 




−   (4.5) 
[Cho+][Lys−]2H+HCO3




−   (4.6) 
 
In the described mechanism, all species are involved in reversible reactions. 
However, it is important to mention that regarding equation (4.2), CO2 (aq) 
concentration is always null, due to the fast conversion into bicarbonate, HCO3
− 
and carbonate, CO3
2− (depending on the pH). 
 
4.2.2 CO2 mass transfer models 
In this work, the gas phase flows counter-currently with the liquid phase, 
promoting a maximum driving force between the phases along the membrane 
contactor. Furthermore, the high hydrophobic character of the PTFE membrane 
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allows for operation in a non-wetted pore mode, avoiding the resistance 
promoted in the case of stagnant liquid inside the pores, as it is depicted in Figure 
4.2 [123]. 
 
Figure 4.2 CO2 mass transfer in a non-wetted pore mode. 
CO2 mass transfer from the gas to the liquid phase includes diffusion from 
the gas stream through the membrane pores and diffusion in the liquid phase 
which, in this work, is accompanied by a fast chemical reaction. The CO2 flux 
(𝐽𝐶𝑂2, in mol.m-2.s-1), from the gas to the liquid phase is described by: 
𝐽CO2 = 𝐾𝑜𝑣 × (CO2 − CO2
∗ ) (4.7) 
where  (CO2 − CO2
∗ )  is the concentration driving force (mol.m-3), CO2 is the carbon 
dioxide concentration in the gas phase, CO2
∗  is the carbon dioxide concentration 
in equilibrium with the concentration of CO2 in the liquid phase, being null in 
this case, since CO2 IL = 0. 𝐾𝑜𝑣 is the overall mass transfer coefficient (m.s-1), which 




        =       
1
𝑘𝑔
      +       
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      +       
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       (4.8) 
 gas phase resistance membrane resistance liquid phase resistance 
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where 𝜑 is the product between the gas-liquid partition coefficient -𝑚- and an 
enhancement factor -𝐸- due to the chemical reaction contribution in the CO2 
absorption, 𝑑0, 𝑑𝑙𝑚 and 𝑑𝑖 are the external, logarithm mean and internal 
diameters of the capillaries, 𝑘𝑔, 𝑘𝑚 and 𝑘𝑙 are the individual mass transfer 
coefficients in the gas, membrane and liquid. In a non-wetted pore operation 
mode, mass transfer resistances in the gas phase (𝑘𝑔
−1) and membrane 
(𝑑0. 𝑑𝑙𝑚
−1. 𝑘𝑚
−1) are negligible, and the liquid phase resistance controls the CO2 mass 
transfer in the module. In this work, the liquid phase flows in laminar regime 
inside the capillaries of the Eclipse™ module (Reynolds number, ≤ 2200). 
Therefore, the liquid mass transfer coefficient (𝑘𝑙, in m.s-1) can be estimated using 
the following equation [99,128]: 
𝑘𝑙 × 𝑑𝑖
𝐷CO2,𝑙







where 𝑑𝑖 is the capillaries internal diameter (m), 𝐷CO2,𝑙 the CO2 diffusion 
coefficient in the liquid (m2.s-1), 𝑢𝑙 the average liquid velocity (m.s-1) and L the 
capillaries length (m). In a previous work, it was reported a predictive correlation 
between CO2 diffusion coefficient and viscosity for cholinium-based ILs [90]. To 
estimate the CO2 diffusion coefficient in[Cho+][Lys-], the following assumptions 
were considered: the absorption capacity of the ionic liquid is dependent on the 
anion nature; the experiments must be performed under isothermal conditions; 
and the viscosity of the ionic liquid does not vary with the absorption of the gas. 
CO2 diffusion coefficient in the IL [Cho+][Lys-] can be obtained through the 
following equation: 
𝐷CO2,𝑙 = 6.569 × 10
−6




where 𝜇 is expressed in Pa.s, Vm,IL in m3.mol-1 and 𝜌 in kg.m-3 are the ionic liquid 





The [Cho+][Lys-] ionic liquid was synthesized from a choline hydroxide solution 
(45 wt% aqueous solution, Acros Organics, USA) and L(+)-Lysine monohydrate 
(99%, Acros Organics, USA), supplied by Thermofisher Scientific. The gases used 
in the experiments were carbon dioxide (CO2, high-purity grade 99.998%, 
Praxair, USA), oxygen (O2, purity grade 99.999%, Praxair, USA), nitrogen (N2, 
purity grade 99.998%, Praxair, USA), nitrous oxide (N2O, purity grade 99.6%, Air 
Liquide, France) and helium (He, purity grade 99.998%, Praxair). Two identical 
gas-liquid membrane contactors were used for the CO2 capture and IL solution 
isothermal regeneration. Membrane modules are composed by EclipseTM 
capillary membranes, supplied by Markel Corporation (USA) and are made of 
porous polytetrafluoroethylene, assembled in a stainless-steel housing. 
Membrane and module specifications were provided by the supplier and are 
presented in Table 4.1. 
 
Table 4.1 EclipseTM membrane modules specifications. 
Capillaries Modules 
Inner diameter (mm)                             1.5 Number of capillaries (N)                            537 
Outer diameter (mm)                            1.9 Active area (m2)                                     1 
Porosity (%)                                          53 Inner diameter (mm)                             60 
Maximum pore diameter (µm)             0.82 Effective length (mm)                           406 
Mean pore diameter (µm)                    0.65  




4.3.2 [Cho][Lys] synthesis and characterisation 
L(+)-Lysine monohydrate was dissolved in water and added directly to choline 
hydroxide via a neutralization reaction. The final product was an aqueous 
solution of [Cho+][Lys-]  ionic liquid, containing 50 ± 2% (w/w) of water. No 
dehydration step was performed in the IL solution. The reaction was followed 
by pH measurement, using a Mettler Toledo pH probe (model l405-DPAS-SC-
K8S, USA) connected to an in-line tester (Jenco, model 3621, USA). The water 
content was measured by titration, using a Karl-Fischer coulometer without 
diaphragm (Metrohm, USA, model 831 KF coulometer). The [Cho+][Lys-] 
molecular structure was confirmed by proton nuclear magnetic resonance (1H-
NMR) and by attenuated total reflectance Fourier transform infra-red (ATR-
FTIR) analyses. Both spectra were recorded at room temperature on a Bruker 
AVANCE Digital operating at 400 MHz and a Perkin Elmer Spectrum Two FT-
IR Spectrometer, respectively. [Cho+][Lys-] thermal stability was accessed by 
thermogravimetric analysis (TGA), with 10 K per minute up to 873 K under 
nitrogen environment with a flow rate of 40 mL.min-1, using a Q50 
thermogravimetric analyser from TA Instruments (USA). [Cho+][Lys-] viscosity 
and density were determined using a Stabinger viscometerTM SVM 3000 from 
Anton Paar (Austria), in the temperature range between 293 to 308 K. The IL 
surface tension was also measured using a KSV sigma 702 tensiometer from KSV 
Instruments Ltd. (Finland), at 293 K. A goniometer (KSV Instruments Ltd., 
Finland) with image analysis software CAM 2008 was used to measure the 
contact angle between the IL and the surface of the EclipseTM membrane. The 
contact angle was calculated as the average between the right and left contact 
angles. 
 
4.3.3 CO2 absorption and IL solution regeneration experimental 
procedures 
Prior the evaluation of CO2 absorption in the membrane contactor system, the 
saturation absorption capacity of the [Cho+][Lys-] IL solution was evaluated. 
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Experiments were carried out in a stainless steel cell, by monitoring the CO2 
pressure decay with time in contact with a small volume of the IL solution, as 
described in previous works [40,90]. Different concentrations of [Cho+][Lys-] 
aqueous solutions were tested, and the saturation absorption capacity was 
determined for each one. 
Afterwards, CO2 absorption and IL solution regeneration were conducted 
in a gas-liquid membrane contactor system, as represented in Figure 4.3, at 295±2 
K. Mass flow controllers (Alicat Scientific Inc., MC-series, USA), solenoid valves 
(ASCO®, USA) and pressure gauges (OmegaTM, USA), controlled the gas flow. 
Liquid flow was monitored using positive displacement pumps (Micropump®, 
GJ series, USA) and digital pressure gauges (WIKA, DG-10 series, Germany). The 
IL solution was constantly stirred using a magnetic stirrer plate (Velp 
Scientifica®, Germany), the pH was measured using a Mettler Toledo pH probe 
(model l405-DPAS-SC-K8S, USA) connected to an in-line tester (Jenco, model 
3621, USA) and the temperature measured with a digital thermometer 
(Huberlab, Switzerland). 
Inside the CO2 absorption module (Figure 4.3, module 1), the gas phase 
flowed in the shell side of the contactor, with a constant flow rate of 250 mL.min-
1, simulating what is called minimal gas flow rate anaesthesia [4,129]. Since the 
system was operated in open circuit, the gas pressure was similar to the 
atmospheric pressure. The IL solution pressure was maintained higher than the 
gas pressure avoiding bubbling. The [Cho+][Lys-] solution circulated counter 
currently, with a constant flow rate of 790 mL.min-1, in the lumen of the capillaries 
to promote a high driving force between the phases throughout the membrane 
pores. The regeneration of the IL solution was performed in a second module, 
connected in series with the absorption module. N2 at atmospheric pressure with 
a flow rate of 30 mL.min-1 was used as sweeping gas. The sweep gas flowed 
counter currently in the shell side. [Cho+][Lys-] solution circulated with the 
lowest flow rate possible (570 mL.min-1), assuring a liquid pressure higher than 
the sweep gas pressure, in order to avoid bubbling and allow for a higher 
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residence time in the contactor. All the experimental conditions tested are shown 
in Table 4.2. 
 
 
Table 4.2 Experimental conditions in the absorption and regeneration modules. 
 Absorption module Regeneration module 
Temperature (K) 295±2 
Gas flow rate (mL.min-1) 250 30 
IL flow rate (mL.min-1) 790 570 
Feed gas composition 
(mol%) 
3% N2, 5% CO2, 27% O2, 
65% N2O 
100% N2 
IL solution inlet pressure 
(bar) 
0.10 - 0.14 0.09 
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Figure 4.3. Schematic representation of the experimental set-up: 1, 2 - absorption and 
regeneration membrane modules, respectively; 3, 4 - positive displacement pumps; 5, 6 - 
pressure gauges; 7 - stirrer plate; 8 - ionic liquid vessel; 9 - sampling point; 10 - digital 
thermometer; 11 - pH meter; 12-16 - gas cylinders; 17-21 - solenoid valves; 22-26 - mass flow 
controllers; 27 - gas mixture unit; 28 - mass flow indicator; 29, 32 - 3 way manual valves; 30, 






The regeneration efficiency was followed by monitoring the composition of 
the sweep gas stream at the outlet of the module. Aliquots of IL were collected 
over time and analysed by ATR-FTIR, to evaluate the effect of the CO2 absorption 
in the molecular structure of the ionic liquid. Also, accessing the FTIR spectrum 
over time allowed to monitor the absorption kinetics. Gas streams were analysed 
online using an Agilent gas chromatograph (GC) 7890B, equipped with a thermal 
conductivity detector (TCD). The GC carrier gas was helium and the samples 
were analysed using an isothermal method with a PoraPlot U column connected 
to a Molsieve 5A column, at 313 K. The TCD detector temperature was 
maintained at 473 K. Gas samples were introduced into the GC using an 
automated VICI-Valco gas valve. 
To evaluate the maximum capacity of the proposed system, the absorption 
of CO2 was performed with a pure CO2 feed stream, without regenerating the 
ionic liquid solution. Afterwards, 3 cycles of CO2 absorption / IL regeneration 
were conducted aiming to access the regeneration efficiency, from the limit 
situation where the IL solution was fully saturated. Finally, aiming real 
conditions simulation, experiments with a gas mixture of 65 mol% N2O, 5% CO2, 
27% O2 and 3% N2, either 100% humidified or dried, were performed to evaluate 
the CO2 removal efficiency, determine the separation factor, as well as determine 
the effect of water vapour in the process efficiency. The absorption flux of CO2 
and the overall mass transfer coefficient were also determined. 
 
4.3.4 Evaluation of experimental mass transfer coefficients 
The parameters obtained by running the experimental set-up, allow to calculate 
the overall mass transfer coefficient, 𝐾𝑜𝑣, according to the following equation: 
𝐾𝑜𝑣 =





where the 𝑄𝑔 is the gas flow rate (m3.s-1) inside the module, 𝐶𝐶𝑂2,𝑖𝑛,𝑔 and 𝐶𝐶𝑂2,𝑜𝑢𝑡,𝑔 
are the gas phase inlet and outlet CO2 concentrations (mol.m-3), 𝐴 is the gas-liquid 
contact area (m2) and ∆𝐶𝐶𝑂2,𝑔,𝑙𝑚 is the logarithmic mean driving force based on 
the gas phase concentrations (mol.m-3), described as: 
∆𝐶𝐶𝑂2,𝑙𝑚 =
(𝐶𝐶𝑂2 − 𝐶𝐶𝑂2











∗  and 𝐶𝐶𝑂2,𝑜𝑢𝑡
∗  are the equilibrium concentrations at the interface 
between the gas and liquid phases. Due to the fast chemical reaction, CO2 
concentration in the liquid phase is equal to 0, and 𝐶𝐶𝑂2,𝑔
∗  is 0. Therefore, the 









Moreover, to determine the process efficiency, a separation factor (𝑆𝐹) 
between CO2 and N2O was determined. Considering the ratio between the 
permeable species in the feed and the permeate side, SF was determined 







where, p and f are the permeate and feed streams and i and j the permeable 




4.4 Results and discussion 
4.4.1 [Cho+][Lys-] characterisation 
In this work, due to the low toxicity and low production cost, when compared to 
other traditional ILs, and recognized efficiency to capture CO2, [Cho+][Lys-] was 
the IL selected to absorb CO2 using a membrane contactor system, aiming the 
operation in a closed-loop anaesthetic circuit. To increase the cost-effectiveness 
of this IL, it is proposed the use of an aqueous solution of [Cho+][Lys-]. As referred 
in Section 4.3.3, a pre-screening study of CO2 absorption with different 
[Cho+][Lys-] IL concentrations was performed. According to the results obtained, 
the highest CO2 absorption was achieved for the IL solution with 60 wt% of 
[Cho+][Lys-] (Figure 4.4a). However, the solution must possess low viscosity to 
minimise the gas-liquid mass transfer resistance and increased pressure in the 
capillaries. Therefore, the dynamic viscosities of the IL solutions were measured, 
as shown in Figure 4.4b. The viscosity obtained for the IL solution with 60 wt% 
of [Cho+][Lys-] was 36 mPa.s, at 293 K, while for the 50 wt% [Cho+][Lys-] was 
significantly lower (15 mPa.s). Since a slight difference in the CO2 absorption 
between both IL solutions was obtained, 50 wt% [Cho+][Lys-] was the 
concentration selected to perform the present study. Additionally, in the case of 
the 50 wt% solution, the CO2 absorption kinetics is faster when compared to the 
60 wt% solution, which leads to a faster CO2 removal rate, as it can be observed 
in Figure 4.4a, that presents the pressure profiles for the first hours of the 
experiments.  
The thermal stability of the CO2 absorbents is exceptionally relevant and 
must be taken into account, as it can affect their absorption and desorption 
behaviour [115]. In a typical hospital surgery room, temperature ranges between 
293 and 297 K [130], [Cho+][Lys-] is stable against temperature variations, as it is 
demonstrated in Figure 4.5. Furthermore, in a perspective of possible thermal 
regeneration, the temperatures should not go higher than 453 K, which 






Figure 4.4 (a) Screening of CO2 absorption in different [Cho+][Lys-] aqueous solutions; (b) 
Dynamic viscosity of different [Cho+][Lys-] aqueous solutions as a function of temperature. 
 
 
Figure 4.5 Thermogravimetric curve for [Cho+][Lys-] as a function of temperature. 
 
The contact angle obtained between the 50 wt% [Cho+][Lys-] solution and 
the PTFE membrane was 97°, at 295 K. Contact angles higher than 90° are 
associated to hydrophobic surfaces and usually used as a reference to operate 
membrane modules in a non-wetted pore mode, avoiding liquid penetration and 
stagnation inside the pores [131]. Therefore, the PTFE modules selected for this 
work assure that the pores of the membrane are not affected by wetting with the 
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liquid phase. This is an important feature which allows the operation of the 
system without resistance to mass transfer due to the presence of the membrane. 
 
4.4.2 CO2 capture maximum absorption capacity 
The absorption of CO2 was performed using a pure CO2 feed stream, to access 
the maximum absorption capacity of the [Cho+][Lys-]  solution (50 wt%). The CO2 
flow rate was adjusted to 250 mL.min-1, which is analogous to the minimal-flow 
anaesthesia mode [129]. The CO2 absorption by the ionic liquid occurs across the 
gas-liquid interface, due to the contact between the stabilised phases inside the 
pores of the PTFE capillaries of the membrane contactor. 
 
 
Figure 4.6 Experimental CO2 absorption curves: (a) inlet and outlet [CO2] in the gas phase as a 
function of time per IL solution volume; (b) Accumulated [CO2] in gas and liquid phases as a 
function of time per IL solution volume. 
 
In Figure 4.6a is represented the CO2 concentration of the inlet and outlet 
streams in the gas phase as a function of time per volume of IL. Since the process 
is completely controlled by the liquid phase, the duration of the experiments is 
dependent of the volume of the IL solution used, thus in the present work, the 
time variable is always shown by the ratio time per IL volume used in each 
experiment. The profile obtained for the CO2 concentration in the gas outlet 
stream is the result of an absorption accompanied by chemical reaction. Once the 
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liquid phase approaches saturation, we started to observe the presence and 
increase of CO2 concentration in the gas outlet stream. The number of CO2 moles 
captured by the liquid phase was obtained assuming the difference between the 
inlet and outlet streams in the gas phase, which is related with the CO2 absorption 
by the IL (Figure 4.6b). The absorption of CO2, in this case, was performed using 
700 mL of 50 wt% [Cho+][Lys-]  solution and a liquid flow rate of 524 mL.min-1. 
Saturation was achieved after 5.5 hours of operation, corresponding to a time per 
IL volume of 7.8 h.dm-3. According to Equation (4.10), the overall mass transfer 
coefficient can be calculated through the ratio between the CO2 absorption flux 
and the mean logarithmic CO2 concentration in the gas phase (driving force). The 
value obtained for 𝐾𝑜𝑣 was 2.16×10-5 m.s-1 with a CO2 flux of 1.82×10-4 mol.m-2.s-1. 
The total amount of CO2 captured was 5.9 molCO2/kgIL, which is superior to the 
maximum absorption capacity of soda lime reported in literature (19 wt% , which 
corresponds to 4.32 mol/kg) [132]. 
The absorption of CO2 was followed by measuring the pH in situ and 
performing an IR spectra analysis of the IL samples. In Figure 4.7a, the pH 
variation during the CO2 absorption is represented. [Cho+][Lys-]  solution possess 
a strong basic character which is confirmed through the extremely high initial 
pH (~13). Due to this strong basicity, the IL is very reactive towards CO2. The pH 
decreases over time as a consequence of the neutralization reaction between CO2 
and [Cho+][Lys-]  solution due to the formation of the bicarbonate anion. The 
saturation state of the IL solution is represented by the plateau obtained at pH 
~8. Figure 4.7b is a representation of the CO2 absorption impact at a molecular 
level. Representative differences were obtained in the FTIR spectra of the 
samples before and after CO2 absorption, characterised by an increase of the 
absorbance bands at 1647 cm-1, 1558 cm-1, 1478 cm-1, 1408 cm-1 and 1358 cm-1. The 
absorbance band corresponding to the −𝑁𝐻3
+ group is observed at the region 
1600-1750 cm-1 [133]. Therefore, the band at 1647 cm-1 is attributed to the 
protonated amino groups, which formation was predicted by the chemical model 
as described in Section 4.2.1. An absence of a band in the 2500-3000 cm-1 region 
after the CO2 absorption (spectra available in the Appendix B), indicates no 
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formation of carbamic acid. Generally, the interaction between amino groups and 
CO2 can proceed through carbamate or carbamic acid formation pathways. 
Hence, the pathway of carbamic acid formation was not considered in the 
chemical mechanism described in the present work [126,133]. The two bands at 
1558 cm-1 and 1408 cm-1 correspond to the asymmetric and symmetric stretching 
vibrations of COO-, respectively. Depending on the molecular constituents, 
carboxylates bands are generally present in the 1650-1540 cm-1 and 1450-1360 cm-
1 regions. Inorganic carbonates do not possess C-O and C=O stretching 
vibrations. Thus, the “C-O” bond order of the inorganic carbonates is between 
one and two, possessing a stretching vibration band in the region 1410-1510 cm-
1. The identified band at 1478 cm-1 is then attributed to the vibration of the 
carbonate ion 𝐶𝑂3
2− [134,135]. Therefore, the FTIR spectra analysis of the IL 
solution after CO2 absorption confirmed the formation of the ionic species 
bicarbonate ion 𝐻𝐶𝑂3
−, protonated amine 𝑁𝐻3
+ and carbonate ion 𝐶𝑂3
2−, as 




Figure 4.7 CO2 absorption in [Cho+][Lys-] IL solution, monitored by pH measurement and ATR-
FTIR analysis: (a) pH variation as a function of time per IL solution volume; (b) IR absorbance 




Regarding to analytical methods, especially in cases of process monitoring, 
it is important to mention that both pH measurements and IR spectra analysis 
are fast techniques, clean and easy to use, which allow for an efficient monitoring 
of the CO2 loading in the ionic liquid solution. 
 
4.4.3 CO2 maximum absorption capacity and IL solution regeneration 
cycles 
Regeneration of the IL solution integrated with the CO2 absorption can be a step 
forward when comparing to the current technology, since soda lime is disposed 
after reaching its saturation, adding an extra cost to the hospitals.  In Figure 4.8 
are represented the CO2 maximum absorption and IL regeneration cycles, with 
the pH evolvement as a function of time per IL volume (a) and the CO2 loading 
as a function of time per IL volume (b).  
 
 
Figure 4.8 CO2 absorption and IL regeneration cycles: (a) pH as a function of time per IL solution 
volume; (b) CO2 loading as a function of time per IL solution volume. 
 
Cycles of CO2 absorption/IL regeneration were performed, where the CO2 
absorption was accomplished feeding as gas stream pure CO2 and the IL 
regeneration with N2 as the sweep gas. In the first cycle, the complete saturation 
of the IL was achieved, corresponding to a CO2 loading value of 5.9 molCO2/kgIL. 
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The IL regeneration efficiency, after the saturation state was 36%, which 
corresponds to the disruption of the weaker chemical bond between the amine 
in the carboxylic acid functional group of the lysinate anion and bicarbonate. In 
the second cycle, the resulting CO2 absorption capacity corresponded to what 
was reverted in the first regeneration cycle. In the second and third 
absorption/regeneration cycles, the regeneration was complete, since the amount 
of CO2 absorbed in the previous absorption step was totally reverted, as it is 
demonstrated in Figure 4.8b. Therefore, if a complete regeneration is desired 
starting from the first cycle, that will probably be possible by performing a 
thermal regeneration step, in order to revert the remaining bond between 
bicarbonate and the amino group in the alkyl side chain of lysinate anion and, by 
this mean, exploit the full potential of the IL solution. Since we are in the presence 
of an IL solution with high water content, the thermal regeneration must be 
performed at temperatures below 100 °C. 
 
4.4.4 CO2 removal from anaesthetic gas mixtures 
In a closed-loop operation perspective, the content of CO2 in the 
recirculated anaesthetic gas mixture must be lower than 0.5%, to avoid 
hypercapnia (high levels of CO2 in blood), hypoxemia or hypoxia (low levels of 
O2 in blood and tissue). The anaesthetic gas mixture to be recovered contain 
around 5% of CO2, thus, the following results correspond to experiments aiming 
an operation efficiency superior to 90%. 
To evaluate the CO2 capture from anaesthetic gas mixtures, experiments 
considering nitrous oxide as the anaesthetic gas were conducted, simulating 
realistic conditions. Therefore, a gas mixture composition of 65% N2O, 5% CO2, 
27% O2 and 3% N2 was used to feed the module, mimicking the exhalation of a 
patient. In addition, experiments with 100% humidified feed gas stream and with 
simultaneous IL regeneration were also performed. In Table 4.3 the experimental 








Dried 100% RH 100% RH + IL regeneration 
ul (m.s-1) 1.39 
kl x 10-6 (m.s-1) 9.26 
Volume of.IL 
(dm3) 
0.75 0.80 1.35 
Time (h) 36 39 63 
Time/IL volume 
(h.dm-3) 
47.7 48.5 46.9 
J CO2 x 10-6 
(mol.m-2.s-1) 
8.34 8.55 8.46 
J N2O x 10 6 
(mol.m-2.s-1) 
4.43 4.83 5.75 
K CO2,overall x 10-6 
(m.s-1) 
9.15 9.36 9.33 
φ 1.25 1.28 1.28 
SF 21.36 18.59 14.61 
CO2 Loading 
(mol.kg-1) 
3.14 2.92 2.86 
 
The obtained flux of CO2 was identical for all experiments, using N2O in the 
gas mixture as the anaesthetic gas. Therefore, the presence of water in the gas 
mixture and the simultaneous IL regeneration do not compromise the CO2 mass 
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transfer. The regeneration step does not affect the CO2 transport, since the driving 
force was already the maximum possible, due to the fast reaction between CO2 
and the liquid phase, resulting in an immediate consumption of CO2. The 
experimental time obtained for all cases, shown in Table 4.3, correspond to an 
operation efficiency above 90%, meaning a CO2 content in the recycled gas 
mixtures lower than 0.5%, as required. This experimental condition explains why 
the values obtained for the CO2 loadings expressed in Table 4.3 are inferior to the 
reported in Section 4.4.3, since the CO2 content of 0.5% in the recycled gas stream 
is detected before the IL solution reaches its complete saturation. 
On the other hand, N2O flux increases in the presence of the humidified 
feeding gas mixture. The presence of water vapour in the gas phase leads to water 
transfer from the gas to the ionic liquid phase, due to the higher water activity of 
the saturated gas (aw = 1) when compared to the liquid phase (aw ~ 0.75). The 
increase of water content in the ionic liquid phase facilitates the aqueous 
solvation of N2O, leading to an increase of its transfer to the ionic liquid phase. 
This additional transport has no impact on the transport of CO2 because, due to 
its fast reaction at the gas-liquid interface, its concentration in a free form inside 
the liquid phase is negligible. A similar behaviour was already reported in the 
literature [55,136]. Still, the overall selective removal of CO2 from the gas phase, 
when compared with the transport of N2O, is rather impressive if we remember 
that these molecules possess similar properties, such as molecular mass, chemical 
configuration, molecular volume, electronic structure and kinetic diameters 
(Table 4.4), that explain their similar solubility and diffusivity in water. 
 
Table 4.4. Lennard-Jones and kinetic diameters. 




CO2 3.941 [99] 3.330 [137] 
N2O 3.828 [99] 3.330 [138] 
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Also, it is important to mention the very low partial pressure of CO2 (5% 
mol) compared with the partial pressure of N2O (65% mol) in the feed stream, 
and even though there was a transport of N2O to the liquid phase, the removal 
of CO2 was not affected. The separation factors obtained (𝑆𝐹), shown in Table 4.3, 
are considerable high for all cases, which is a proof that the proposed system is 
very selective towards CO2. For the experimental procedure mimicking the real 
conditions, i.e., containing 65% of the anaesthetic gas humidified, the system 
proposed with simultaneous IL regeneration, was able to operate efficiently for 
63 hours.  
In the current technology, that utilises containers with 1 kg of soda lime for 
CO2 capture in anaesthetic closed circuits, it is recommended to replace the 
container after 8 to 14 hours of continuous operation, depending on the supplier 
recommendations and the usage. Furthermore, the maximum absorption 
capacity of soda lime to capture CO2 is 4.32 mol/kg [132]. Based on the results 
obtained in this work, the proposed system was able to operate over 63 hours 
using 1.44 kg of 50 wt% [Cho+][Lys-] IL solution with a maximum absorption 
capacity of 5.9 mol/kg. Comparing with the use of a container with 1 kg of soda 
lime, the proposed system possesses a working operation time 3 to 5 times higher 
of 1 kg of [Cho+][Lys-]  IL solution is used (~43 hours of operation). 
 
4.5  Conclusions 
Experiments of CO2 capture from gas mixture with anaesthetic agents have 
been performed, using a 50 wt% [Cho+][Lys-] IL solution. The system was 
composed by polytetrafluoroethylene porous membrane contactors with the IL 
solution circulating in counter current with the gas phase in the lumen of the 
capillaries. Additionally, a regeneration unit composed by a second membrane 
contactor was simultaneously operated. The results obtained revealed a CO2 
capture maximum capacity of the system of 5.9 mol/kgIL. In the experiments in 
which simulated conditions using 65% of nitrous oxide and 5% of carbon dioxide, 
the results revealed an efficient system able to operate over 63 hours. However, 
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the regeneration of the IL solution using N2 as sweep gas, was not completely 
efficient for the reversion of the CO2 absorption. Due to this fact, a thermal 
regeneration study is recommended as future work. Additionally, the proposed 
system should be tested using a feed stream mimicking real conditions, using the 
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Summary 
Ionic liquids (ILs) with quaternary ammonium cations combined with 
biocompatible anions from renewable sources result in low-toxic, biocompatible, 
cost-efficient sorbent media that can efficiently capture carbon dioxide (CO2). The 
understanding of the equilibrium and kinetics of CO2 absorption in these media 
is relevant for the design of new absorption processes in many application areas, 
such as the removal of CO2 from post-combustion streams, biogas refinery waste 
gases, or confined spaces. Here CO2 absorption in an aqueous solution of 
cholinium lysinate IL is studied both theoretically, via mechanistic modelling, 
and experimentally in a membrane contactor operated in closed loop with online 
pH measurement and attenuated total reflectance Fourier transform infrared 
spectroscopy (ATR-FTIR) analysis of discrete sampling of the circulating 
aqueous IL solution. It is shown that both techniques are effective tools for 













2.20 moles of CO2 per mole of IL for an IL concentration of 2.13 M (or 50 wt% 
solution). A comprehensive model of chemisorption thermodynamics and 
absorption dynamics is proposed and validated experimentally. It provides not 
only the equilibrium constants of the reversible reactions of protonation of the 
amine groups and bicarbonate binding and overall mass-transfer coefficient 
based on liquid-phase concentrations, but is also the basis for a chemometric 
analysis of the experimental ATR-FTIR data. The potential use of ATR-FTIR as a 




The development of new and more efficient carbon dioxide (CO2) capture 
processes has been gaining interest of both industry and academia over the years. 
According to the Scopus® database, the main areas where CO2 capture is more 
relevant are energy, engineering — especially chemical engineering — 
environmental and materials science, agricultural, and biological sciences. In 
medicine, CO2 capture agents (e.g. soda lime) are essential for commercial 
application of inhaled anaesthetics, and thus, to the modern practice of 
anaesthesia [7]. 
There has been significant research on CO2 capture and separation, but 
despite the emergence of new CO2 capture agents, aqueous amine solutions (e.g., 
monoethanolamine, diethanolamine) are still the most commonly used absorbers 
[139,140]. There are, however, some niche applications where CO2 cannot be 
captured using traditional aqueous amine solutions, such as hospital and 
medical clinic environments (i.e., surgical rooms), where the rules are extremely 
restrictive, especially regarding temperature, humidity, and cleaning conditions. 
The chemical degradation of aqueous amine solutions and vapour emissions that 
are produced during CO2 capture hinder their use in hospital environments. 
Therefore, the selection and synthesis of a particular CO2 capture agent depends 
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on the type of application, and this has motivated researchers to seek alternatives 
to amine scrubbing [141,142]. 
Biocompatible amine-based agents possessing negligible volatility and 
excellent thermal stability, such as ionic liquids (ILs) with amine functionality, 
are desirable for the abovementioned niche applications, as is the case of medical 
environments. ILs with quaternary ammonium cations, of which the cholinium 
cation is a prominent example, are biocompatible and are much less toxic than 
most conventional room-temperature ILs (e.g., ILs with imidazolium cations). 
Moreover, unlike conventional ILs, those with quaternary ammonium cations are 
not limited to physical absorption since the amino groups can react with CO2, 
allowing its chemisorption and thereby improving their CO2 absorption capacity. 
The combination of the cholinium cation with biocompatible anions from 
renewable sources, such as amino acids, results in low toxic, biocompatible, and 
cost-effective ILs with recognised efficiency for CO2 capture [90,143–146]. 
Furthermore, amino acid salts are known to have better oxidative stability than 
traditional aqueous amine solutions [119,147,148]. Figure 5.1 shows the 
molecular structures of the cholinium cation and a generic amino acid anion, 
where R denotes an alkyl side chain with a functional group. 
 
Figure 5.1 Molecular structures of (a) cholinium cation and (b) generic amino acid anion. 
 In addition to such desirable attributes as low environmental impact, high 
thermal and chemical stabilities, and fast absorption rate, the production cost of 
a new and efficient IL for CO2 capture is also of great importance. For these 
reasons, cholinium-based ILs combined with amino acid anions are emerging as 
alternative absorption media for CO2 capture. Additionally, the strategy of using 
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aqueous solutions of functionalised ILs along with biocompatible and 
biodegradable compounds is gaining projection in the CO2 capture field, due to 
all the well-known environmental impact problems.  
Many authors have investigated CO2 absorption in IL solutions with 
increased content of functional amino groups with promising results 
[133,144,149–151]. Zhou et al. [149] developed a novel triamino-functionalized IL 
and measured the CO2 absorption capacity in a 0.5 M IL aqueous solution, 
reporting a very reasonable loading value of 1.59 moles of CO2 per mole of IL. 
Yuan et al. [144] investigated CO2 absorption in aqueous solutions with 5–30 wt% 
of three cholinium-based amino acid ILs. These authors observed an increase of 
the apparent absorption rate constant, a decrease of the solution viscosity, and 
reduction of the CO2 absorption loading with the increase in water content. 
Additionally, the replacement of some of the IL by water reduces the cost of the 
aqueous IL solution. Therefore, to develop an efficient IL-based absorption 
medium competitive with current technologies, a trade-off must be found 
between the CO2 loading and absorption rate. 
Here we study CO2 absorption in an aqueous solution with 50 wt% of 
cholinium lysinate ([Cho+][Lys−]) IL, where [Cho+] is the 2-hydroxy-N,N,N-
trimethylethanaminium cation, commonly called cholinium cation, and [Lys−] 
the α-amino-acid anion (C6H13N2O2
−) that is the conjugate base of lysine, obtained 
from the deprotonation of the carboxyl group. The aqueous [Cho+][Lys−] IL 
solution has an extremely high alkalinity (pH ~ 13). Cholinium is a quaternary 
ammonium cation, an essential micronutrient, which was chosen because of its 
recognized biocompatibility. Lysine is a basic amino acid that has two amino 
groups. In addition to the amino group of the carboxylic acid, the lysine’s alkyl 
side chain contains another amino group that can also work as a base. Due to the 
high pKa values of the functional amino groups, lysine easily gains positive 
charge through proton binding at physiological pH. Because lysine can stablish 
acid-base Lewis interactions with CO2 in aqueous media, allowing the capture of 
two molecules of CO2 molecules per host molecule, it possesses favourable 
characteristics for CO2 capture. 
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In addition to lysine, there are two other basic amino acids available, 
namely, histidine and arginine. Sistla and Khanna [133] combined several amino 
acid anions with the [bmim] cation and tested them for CO2 solubility. Of all the 
amino acid-ILs studied, [bmim][argininate] showed the highest CO2 solubility 
(0.62 moles of CO2 per mole of IL), followed by [bmim][lysinate] (0.48 moles of 
CO2 per mole of IL), and [bmim][histidinate] (0.45 moles of CO2 per mole of IL). 
Lysine and arginine are very similar in terms of toxicity, biodegradability, and 
cost [146]. However, the low water solubility of arginine is a serious limitation 
for CO2 capture [152]. Dry cholinium-amino acid based ILs have high viscosities, 
which can only be overcome by combining them with water. Furthermore, the 
stronger interaction between CO2 and arginine may invalidate the possibility of 
subsequent regeneration of the IL. For all of the mentioned reasons, lysine was 
the selected amino acid for the present study. 
In our experimental setup for CO2 absorption studies, the aqueous 
[Cho+][Lys−] IL solution circulates in the lumen side of a polytetrafluoroethylene 
membrane contactor, in closed-loop, while CO2 circulates counter currently, in 
the shell side of the contactor. In a typical experimental run, the total amount of 
absorbed CO2 is monitored in real-time up to the saturation conditions of the IL 
solution. The CO2 concentration in the gas phase is monitored by gas 
chromatography and that in the aqueous IL solution by pH measurements and 
attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-
FTIR). 
FTIR, along with nuclear magnetic resonance (NMR) and UV-vis 
spectroscopy (ultraviolet-visible), are techniques that can be used to obtain 
information about chemical equilibrium in solution. Besides being a non-
destructive technique and requiring a small amount of sample, IR spectroscopy 
is much more reliable for the quantitative analysis of a compound that is 
physically or chemically similar to others in a mixture. Molecular differences 
between the structures of many chemical compounds can be identified and 
quantified in the mid-IR region between 4000–400 cm−1 [153,154]. We have used 
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this technique to analyse variations in the molecular structure and composition 
of the aqueous [Cho+][Lys−] IL solution as a function of CO2 loading. 
The mechanisms by which CO2 is absorbed in aqueous IL systems, where 
capture occurs by chemisorption, are not yet sufficiently understood. The study 
of the reactions involving (bi)carbonate and carbamate or carbamic acid 
formation is important for describing the reaction chemistry of CO2 absorption 
in IL solutions. In this context, the present work reports a detailed modelling 
study of CO2 absorption in aqueous [Cho
+][Lys−] IL solutions. To this end, a 
chemical model for the CO2–H2O–[Cho
+][Lys−]  system is proposed and validated 
using the experimentally measured pH. Additionally, the use of ATR-FTIR and 
pH analysis as quantitative techniques for monitoring CO2 absorption in the IL 
liquid solution is described. Our findings can be useful for other systems or 
processes, such as the removal of CO2 from post-combustion streams, biogas 
refinery waste gases, or confined spaces (e.g. mines, spacecraft, and others). 
 
5.2 Absorption model 
The [Lys−] anion is an amphoteric compound that acts as a Lewis acid when 
combined with the [Cho+] cation due to the presence of the ammonium group in 
the latter. However, in the presence of water and CO2 the [Lys
−] anion acts as a 
base, leading to CO2 chemisorption via a mechanism involving the direct 
formation of bicarbonate (HCO3
−) and carbonate (CO3
2−) and excluding the 
formation of carbamic acid [126,155]. There are reported evidences that 
carbamates can be formed with the carboxylic acid functional group of [Lys−], 
due to an intramolecular proton transfer from the α-ammonium ion to the 
carboxylate group [149,156]. Nevertheless, the carboxylic acid protonation occurs 
at acidic pH, where stable carbamates can be formed. However, the carboxylic 
acid group interacts with the cholinium cation through ionic coupling. Because 
of the high pH of the [Cho+][Lys−] IL solution, the carbamate/carbonic acid 
formation mechanism is considered negligible in the present work. In aqueous 
media lysine is sensitive to pH and can assume four different ionisation states. 
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Due to the presence of the three functional groups, there are three p𝐾a 
dissociation constants: their values for lysine are p𝐾a1= 2.15, p𝐾a2= 9.16, p𝐾a3= 
10.67 [157], where p𝐾a1 refers to the α-carboxylate group (−COOH), p𝐾a2 to the α-
ammonium ion (−NH3
+), and p𝐾a3 to the −NH3
+ side-chain group. Figure 5.2 
shows the different ionic states of lysine in aqueous solution. 
 
 
Figure 5.2 Dissociation states of lysine in aqueous solution. 
 
Due to the formation of the bicarbonate in the presence of water, the 
interaction of CO2 with the [Cho
+][Lys−] IL in aqueous solution is assumed to 
take place exclusively with the ionic forms of the lysinate anion. The bicarbonate 
anion can bind to the amine groups of lysine; thus, theoretically two molecules 
of CO2 can be captured by one molecule of [Cho
+][Lys−] via chemisorption. The 
Lys++ ionic form is not present in our aqueous IL system, since Lys++ occurs only 
in acidic media, which is not the case here (the pH is always higher than ca. 8.0). 





Figure 5.3 Structure of [Cho+][Lys-] in water and in the presence of dissolved CO2. 
 
Based on these observations, we propose the reaction pathways pictured in 
Figure 5.4 for the system CO2–H2O–[Cho
+][Lys−], which are supported by the 
hybrid quantum chemistry calculations based on density functional theory 
reported by Sun et al. [126]. It is assumed that all reaction pathways are 
reversible, but due to the fast conversion of the dissolved CO2 into HCO3
− and CO3
2− 
in the aqueous IL medium (depending on the pH), its concentration is very low 
until near saturation conditions when it attains its solubility value. The set of 
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where R denotes the [Cho+][Lys−] IL, RH+ and  RH2
2+ the positively charged forms 










Figure 5.4 Proposed reaction pathways for the system 𝐶𝑂2 - 𝐻2𝑂 - [𝐶ℎ𝑜
+][𝐿𝑦𝑠−] (water 
dissociation reaction not included). 𝑅 denotes the [𝐶ℎ𝑜+][𝐿𝑦𝑠−] IL, RH+ and  𝑅𝐻2
2+ the 










Additionally, if the CO2 transfer rate to the liquid phase reactor is low 
enough, a quasi-equilibrium kinetic approximation can be invoked: the reactions 
are so much faster than the CO2 transfer rate that they continuously equilibrate 
after a differential displacement from their previous equilibrium condition 
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triggered by the small addition of CO2. Thus, at each instant during and 
absorption experiment the concentrations of the various species in solution are 
governed by the corresponding chemical equilibrium constants. For each 
reaction, say 
∑ 𝜈𝑖𝑅𝑖 = ∑ 𝜈𝑗𝑃𝑗
𝑗𝜖𝒫𝑖𝜖ℛ
 (5.9) 
where ℛ is the set of reagents, 𝒫 the set of products, and the ν’s the stoichiometric 







where 𝑥𝑖 and 𝛾𝑖 are the mole fraction and activity coefficient of species 𝑖 in 
solution. 
If ∑ 𝜈𝑖𝑖𝜖ℛ = ∑ 𝜈𝑗𝑗𝜖𝒫 , the mole fractions 𝑥𝑖 and 𝑥𝑗 can be replaced by the 











 . (5.11) 
This happens in all cases except reactions (5.2), (5.6), and (5.8), whose 





























where [S] = ∑ [𝑅𝑖]𝑖∈ℛ + ∑ [𝑃𝑗]𝑗∈𝒫 = [H2O] + [OH
−] + ⋯ [P2] is the “total” molar 
concentration of the solution. The water equilibrium constant, 𝐾1, and those for 
the CO2 dissociation, 𝐾2 and 𝐾3, were taken from the Aspen Plus library (ver. 10.2) 
and are listed in Table 5.1. The unknown equilibrium constants are 𝐾4, 𝐾5, 𝐾6, 𝐾7 
and 𝐾8. 
 
Table 5.1 Equilibrium constants for the absorption reactions of CO2 in water. 





The liquid-phase properties and activity coefficients are estimated using the 
unsymmetrical electrolyte NRTL property method (eNRTL) [158–160] and the 
gas-phase properties with the Redlich-Kwong equation of state [161] as 
implemented in Aspen Plus (ver. 10.2). 
Although [Cho+][Lys−], [Cho+][Lys−+], [Cho+][Lys−++], 
[Cho+][Lys−+HCO3
−], and [Cho+][Lys−++2HCO3
−] are not in the Aspen Plus 
database, we proceed as follows. Because the logarithm of the activity coefficient 
can be split into the sum of a term accounting to local interactions that exist at 
the immediate neighbourhood of any species and the other from the long-range 
ion–ion interactions that exist beyond the immediate vicinity of an ionic species, 
and each segment of a molecule contributes nearly additively to those two terms, 
the ratios of activity coefficients for the equilibrium constants involving the IL or 

































These equations involve the ratios (𝛾Lys−+)/(𝛾Lys−) and (𝛾Lys−++)/(𝛾Lys−+), 
which in both cases correspond to the protonation of an amine group, −NH2 ⟹
−NH3
+. Using the unsymmetrical Pitzer–Debye–Huckel formula [162] (on which 
the eNRTL model rests) to account for the long-range (electrostatic) interactions, 
each of these 𝛾′𝑠 can be approximated as 
























2𝑥𝑗  is the ionic strength of the aqueous IL solution on a mole 




2−, −O−, and −NH3
+), 𝜌 the closest approach 
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parameter, 𝐴𝜑 the Debye-Hckel parameter, and 𝑀𝑠 the molecular weight of the 






















In Aspen Plus we use n-dimethylethanolamine (C4H12NO
+) as a surrogate 
for Cho+ and octanoate (C7H15COO
−) for Lys−; these components are the ones 
with characteristics closest to the IL’s cation and anion that could be found in the 
database. 
Since a quasi-equilibrium kinetic approximation is used for the absorption 
model, it is convenient to introduce the extent of reaction, 𝜉, a quantity that 
measures the extent at which a reaction proceeds [163], for it makes it easier to 
write down the differential material balances. 
Let 𝜉𝑛 be the extent of reaction 𝑛. The differential material for each species 
in the system, say the 𝑖th one, 𝑆𝑖, can then be written in terms of its molar 
concentration, [𝑆𝑖], and the extents of the reactions in which it participates either 
as a reagent or product. Applying this procedure to all species in the system gives 
rise to the following differential material balances: 
 
𝑑[H2O] = −2𝑑𝜉1 − 2𝑑𝜉2 − 𝑑𝜉3 + 𝑑𝜉4 + 𝑑𝜉5 + 𝑑𝜉7,             (5.22) 
𝑑[H3O
+] =  𝑑𝜉1 +  𝑑𝜉2 +  𝑑𝜉3 −  𝑑𝜉4 −  𝑑𝜉5 − 𝑑𝜉7,             (5.23) 
𝑑[OH−] = 𝑑𝜉1,                 (5.24) 
𝑑[HCO3
−] =  𝑑𝜉2 − 𝑑𝜉3 − 𝑑𝜉6 − 𝑑𝜉8,              (5.25) 
𝑑[CO3
2−] = 𝑑𝜉3,                 (5.26) 
𝑑[R] = −𝑑𝜉4,                  (5.27) 
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𝑑[RH+] = 𝑑𝜉4 − 𝑑𝜉5 − 𝑑𝜉6,                (5.28) 
𝑑[RH2
2+] = 𝑑𝜉5,                 (5.29) 
𝑑[P1] = 𝑑𝜉6 − 𝑑𝜉7,                 (5.30) 
𝑑[P1
+] = 𝑑𝜉7 − 𝑑𝜉8,                 (5.31) 
𝑑[P2] = 𝑑𝜉8.                  (5.32) 
 
Note that no differential material balance is written for [CO2] (dissolved 





2−] + [P1] + [P1
+] + 2[P2] = [Ctot] ,           (5.33) 
 
where [Ctot] is the total concentration of CO2-derived species in the reaction 
medium at each instant. [Ctot] is obtained from the differential material balance 




= Δ?̇?CO2 ,   Δ?̇?CO2 ≡ ?̇?CO2
(in) − ?̇?CO2
(out),         s. t. [𝐶tot]t=0 = 0,           (5.34) 
 












where 𝑉 is the volume of the reaction medium in the membrane contactor (which 
remains practically constant over the course of the absorption experiment) and 
?̇?CO2
(in)  and ?̇?CO2
(out) the inlet and outlet molar flowrates of CO2 in the shell side of the 
membrane contactor. 
The initial conditions of the experiment are those before the injection of 
CO2 when the amount of dissolved CO2 is negligible, which in turn implies that 
the only species in solution are H2O, OH
−, H3O
+, R, RH+ and RH2
2+, and [CO2]0 =
[HCO3
−]0 = [CO3
2−]0 = [P1]0 = [P1
+]0 = [P2]0 = 0. Taking this into account, the 
integration of the differential equations yields 
 
[H2O] = [H2O]0 − 2𝜉1 − 2𝜉2 − 𝜉3 + 𝜉4 + 𝜉5 + 𝜉7,             (5.36) 
[H3O
+] =  [H3O
+]0 + 𝜉1 +  𝜉2 +  𝜉3 − 𝜉4 −  𝜉5 − 𝜉7,            (5.37) 
[OH−] = [OH−]0 + 𝜉1,                (5.38) 
[HCO3
−] =  𝜉2 − 𝜉3 − 𝜉6 − 𝜉8,               (5.39) 
[CO3
2−] = 𝜉3,                  (5.40) 
[R] = [R]0 − 𝜉4,                 (5.41) 
[RH+] = [RH+]0 + 𝜉4 − 𝜉5 − 𝜉6,               (5.42) 
[RH2
2+] = [RH2
2+]0 + 𝜉5,                (5.43) 
[P1] = 𝜉6 − 𝜉7,                 (5.44) 
[P1
+] = 𝜉7 − 𝜉8,                 (5.45) 
[P2] = 𝜉8,                  (5.46) 
[CO2] = [Ctot] − [HCO3
−] − [CO3
2−] − [P1] − [P1








2+]0 are the initial 
concentrations of the various species in solution. The initial conditions for the 
extents of reaction are simply (𝜉𝑛)𝑡=0 = 0 ∀𝑛. Although these equations can be 
solved as a function of reaction time, it is best to solve them for increasing values 
of [Ctot]; that is, to use [Ctot] as the independent variable instead of time because 
the system is assumed to be equilibrium driven, as mentioned before. In this case 
the equations are 
 
[H2O]
′ = (−2𝜉1 − 2𝜉2 − 𝜉3 + 𝜉4 + 𝜉5 + 𝜉7)
′,  [H2O]𝑡=0 = [H2O]0,           (5.48) 
[H3O
+]′ = (𝜉1 +  𝜉2 +  𝜉3 −  𝜉4 − 𝜉5 − 𝜉7)
′,  [H3O
+]𝑡=0 = [H3O
+]0,         (5.49) 
[OH−]′ = (𝜉1)
′,     [OH−]𝑡=0 =  [OH
−]0,            (5.50) 
[HCO3
−]′ =  (𝜉2 − 𝜉3 − 𝜉6 − 𝜉8)
′,    [HCO3
−]𝑡=0 = 0,            (5.51) 
[CO3
2−]′ = (𝜉3)′,      [CO3
2−]𝑡=0 = 0,            (5.52) 
[R]′ = (−𝜉4)
′,      [R]𝑡=0 = [R]0,             (5.53) 
[RH+]′ = (𝜉4 − 𝜉5 − 𝜉6)
′,    [RH+]t=0 = [RH
+]0,            (5.54) 
[RH2
2+]′ = (𝜉5)
′,     [RH2
2+]𝑡=0 = 0,            (5.55) 
[P1]′ = (𝜉6 − 𝜉7)′,     [P1]𝑡=0 = 0,             (5.56) 
[P1
+]′ = (𝜉7 − 𝜉8)′,      [P1
+]𝑡=0 = 0,             (5.57) 
[P2]′ = (𝜉8)′,       [P2]𝑡=0 = 0,             (5.58) 
 
where [H2O]
′ is a shorthand notation for 𝑑[H2O] 𝑑[Ctot]⁄ , (𝜉𝑛)
′ for 𝑑𝜉𝑛 𝑑[Ctot]⁄ , 





[Cho+][Lys−] ionic liquid was synthesised from choline hydroxide solution (45 
wt% aqueous solution, Acros Organics, USA) and L(+)-Lysine monohydrate 
(99%, Acros Organics, USA), supplied by Thermofisher Scientific. The CO2 used 
in the experiments was high-purity grade (99.998%) from Praxair, USA. 
CO2 was captured from the gas phase into the aqueous IL solution flowing 
in a membrane contactor counter currently to the gas phase, as represented in 
Figure 5.5. The membrane module consists of a set of EclipseTM capillary 
membranes, supplied by Markel Corporation (USA), and made of microporous 
polytetrafluoroethylene, assembled in a stainless-steel housing. Since the focus 
of the present work is the theoretical study of CO2 capture by the aqueous IL 
solution, with emphasis on the chemical equilibrium behind the absorption 
process, the setup is not described in much detail here; a comprehensive 
description can be found elsewhere [164]. 
The CO2 absorption reaction was followed by pH measurement, using a 
Mettler Toledo pH probe (model l405-DPAS-SC-K8S, USA) connected to an in-
line tester (Jenco, model 3621, USA). ATR-FTIR analysis was used as well to 
monitor the absorption reaction off-line, using a Perkin Elmer Spectrum Two FT-
IR Spectrometer at room temperature. Small samples (5 × 10−5 moles) of the 
liquid phase were collected periodically at a sampling rate of 3 min and later 
analysed by ATR-FTIR. The molecular structure of the synthesised [Cho+][Lys−] 
IL was confirmed by proton nuclear magnetic resonance (1H-NMR) on a Bruker 
AVANCE Digital operating at 400 MHz. The water content of the IL solution was 
measured by titration, using a Karl-Fischer coulometer without diaphragm 




Figure 5.5 Schematic of the experimental set-up. The IL solution circulates in the lumen side of a 
polytetrafluoroethylene membrane contactor, while 𝐶𝑂2 circulates countercurrently in the shell 
side of the contactor. The system is operated in closed loop. ?̇?𝐶𝑂2(g)
(𝑖𝑛)  and ?̇?𝐶𝑂2(g)
(𝑜𝑢𝑡)  are the inlet and 
outlet molar flowrates of gaseous 𝐶𝑂2 in the lumen side of the contactor; [CO2
L](in) and [CO2
L](out) 
the inlet and outlet concentrations of aqueous 𝐶𝑂2 in the lumen (L) side of the membrane; 𝑉 the 
volume of aqueous IL solution and 𝑄 the volumetric recirculation flow rate in the lumen side of 
the membrane. By definition [CO2
L](in) = [𝐶𝑂2], where [𝐶𝑂2] is the concentration of dissolved 
𝐶𝑂2 (i.e. 𝐶𝑂2, 𝐻𝐶𝑂3
− and 𝐶𝑂3
2−) in the bulk of the aqueous IL solution, because the volume 𝑉 is 
assumed to be perfectly mixed. 
 
5.4 Results and discussion 
5.4.1 Infrared characterisation of aqueous [Cho+][Lys-] solution 
To monitor CO2 absorption into aqueous [Cho
+][Lys−] IL solution with ATR-FTIR 
spectroscopy, a prior understanding of [Cho+][Lys−] forms in the aqueous system 
is needed. ATR-FTIR spectra were obtained between 4000–400 cm−1 because the 
molecular deformations are detectable in the mid-IR region. Over this IR range, 
it is possible to identify and quantify the various species and functional groups 
relevant to the CO2–water–[Cho
+][Lys−] system. 
The IR spectra were obtained under different water activity (𝑎𝑤) conditions, 
which correspond to different cholinium lysinate concentrations; 𝑎w = 𝛾w𝑥w, 
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where 𝛾w is the activity coefficient of water and 𝑥w the mole fraction of water in 
the aqueous fraction [90]. Changing 𝑎w alters the water content of the cholinium 
lysinate IL and consequently the pH of the medium. As mentioned in Section 5.2, 
the lysinate anion assumes different protonated forms in the amine sites 
according to the pH. Figure 5.6 shows the spectra of four different aqueous 
[Cho+][Lys−] IL solutions for which representative differences were obtained 
over the range 1700–1200 cm−1 of wavenumbers. The main differences are 
characterised by deviations of the absorbance bands intensities at 1647 cm−1, 
1558 cm−1, 1478 cm−1, 1408 cm−1, and 1358 cm−1. A very broad band between 
3700–3000 cm−1 was also obtained, but it which is not shown here because it 
corresponds to the O–H stretching of water. 
 
 
Figure 5.6 FTIR spectra of four [𝐶ℎ𝑜+][𝐿𝑦𝑠−] IL solutions equilibrated at different values of 
water activity, 𝑎w. 
 
With the exception of the absorbance band at 1647 cm−1, all the others 
increase as 𝑎w decreases for more concentrated samples. The absorbance band 
ascribed to the −NH3
+ group is usually observed in the region 1750–1600 cm−1 
[133]. Therefore, the band at 1647 cm−1 is attributed to the protonated amino 
groups, whose formation in the Lys anion is expected with the decrease of the pH, 
as demonstrated in Section 5.2 and shown in Figure 5.6. Depending on the 
molecular constituents, carboxylate bands are generally present in the 
106 
 
1650–1540 cm−1 and 1450–1360 cm−1 regions. Therefore, the bands at 
1558 cm−1 and 1408 cm−1 correspond to asymmetric and symmetric stretching 
vibrations of the C=O bond, respectively, which are present in the acidic group 
of the lysinate anion. Finally, the bands at 1478 cm−1 and 1358 cm−1 are 
associated with the C–H stretching vibrations of the methyl groups (−CH3) 
[154,165]. 
 
5.4.2 CO2 absorption monitoring 
The absorption kinetics of CO2 into an aqueous solution containing 50 wt% of 
[Cho+][Lys−] was measured at 22 °C (±2 °C) up to the conditions corresponding 
to the complete saturation. The transport of CO2 in this solution is dominantly 
controlled by the chemical reaction equilibria, despite physical diffusion being 
present. Due to the strong basicity, the IL solution is very reactive towards CO2 
which behaves as Lewis acid. Therefore, CO2 chemisorption in the present system 
occurs as a neutralisation reaction accompanied by a decrease in pH. In fact, the 
pH measurement throughout the whole absorption process proved to be quite 
useful for model validation, as will be demonstrated further ahead. Figure 5.7 
shows the experimentally measured pH as a function of reaction time, as well as 
the total amount of CO2 absorbed by the aqueous IL solution, the latter computed 
from a material balance to the gas phase, Equation (5.34), from the measured 
values of Δ?̇?CO2. The aqueous IL solution was completely saturated with CO2 at 
pH ~ 8; under these conditions the CO2 capture capacity was found to be ~ 2.2 mol 
CO2/mol IL. 
The strong basicity of the IL solution is confirmed by the initial pH shown 
in Figure 5.7 (pH ~ 13).  At this pH the amine of the alkyl side chain of Lys anion 
can be partially protonated since the corresponding p𝐾a is 10.67; consequently, 
the CO2 molecules converted into HCO3
− ions bind first to this amine. As CO2 is 
progressively absorbed and the pH decreases towards its p𝐾a value of ca. 9.16, 
the amine of the carboxylic acid functional group will be able to protonate and 




Figure 5.7 𝑝𝐻 and total 𝐶𝑂2 solubility in the aqueous solution of 50 wt% [𝐶ℎ𝑜
+][𝐿𝑦𝑠−] as 
function of process time at 22 °C. 
 
As mentioned before, theoretically two molecules of CO2 can react with one 
molecule of [Cho+][Lys−], because CO2  in the bicarbonate ion form can bind to 
both amines of the lysinate anion. From the results shown in Figure 5.7, half of 
the total CO2 capacity of the 50 wt% of [Cho
+][Lys−] IL solution (~ 1 mol CO2/mol 
IL) is attained near p𝐾a3 = 10.67, which means that around 50% of the amines of 
the lysinate anion are in solution, and in particular those of the alkyl side chain, 
established a bond with the bicarbonate ions. As these amines are being 
“occupied” and CO2 continues to be absorbed, the α-amine of the carboxylic acid 
functional group starts to receive the bicarbonate ions as a second absorption 
wave, until the saturation state of the IL solution is reached. The complete 
saturation state was confirmed by the experimentally measured CO2 capacity, 
which was determined using Equation (5.34) from the moment the outlet molar 
flow rate, ?̇?CO2
(out), attained and stabilised at the inlet value, ?̇?CO2
(in) . 
In addition to pH measurements, samples of the aqueous IL solution were 
periodically collected during the CO2 absorption experiment and later analysed 
by ATR-FTIR. Figure 5.8 shows the IR spectra of the aqueous IL solution with 
different CO2 loadings. The observed variations in the spectrum are correlated 
with the different CO2 loadings. The IR absorbance increases as more CO2 is 
captured, which is a consequence of the increasing number of absorbing species 
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in the aqueous [Cho+][Lys−] IL solution. It is possible to assign IR absorbance 
bands to different characteristic species for the interactions between CO2 and 
[Cho+][Lys−]. It is challenging to unambiguously assign all the absorbance bands 
because of band overlapping due to the coexistence of many absorbing species in 
solution. Nevertheless, the absorbance bands at 1647 cm−1, 1478 cm−1, and 







Figure 5.8 ATR-FTIR spectra. (a) Before and after 𝐶𝑂2 absorption into aqueous solution of 50 
wt% [𝐶ℎ𝑜+][𝐿𝑦𝑠−] IL. (b) Aqueous solution of 50 wt% [𝐶ℎ𝑜+][𝐿𝑦𝑠−] IL with different 𝐶𝑂2 
loadings. 
 
As mentioned in Section 5.4.1, the absorbance band assigned to −NH3
+ is 
usually located in the 1750–1600 cm−1 region; therefore, changes in the peak at 
1647 cm−1 are assumed to correlate with the protonation of the amines of the 
lysinate anion. Since the order of the C–O bond of the inorganic carbonates is 
between one and two, it exhibits a stretching vibration band in the 
1510–1410 cm−1 region; thus, the identified band at 1478 cm−1 is attributed to 
the vibration of the carbonate ion, CO3
2−. Finally, during the absorption CO2 is 
converted into bicarbonate ion, whose formation is observed with the increase of 
the absorbance band at 1358 cm−1, as reported elsewhere [154,166]. 
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The most commonly proposed reaction mechanism for CO2 capture in 
traditional aqueous amine solutions with high water content considers the path 
carbamate → bicarbonate → carbonate formation [156]. This pathway considers 
amine to be the primary nucleophile for an attack on CO2. Nevertheless, it has 
been reported that amino acid anions like [Lys−]can take an alternative path. The 
proposed mechanism in this study considers the direct formation of bicarbonate 
where the first step is the amine protonation, which is confirmed by the results 
obtained. On the other hand, the carbamate/carbamic acid formation is excluded 
from the proposed chemical mechanism because no changes in the absorbance 
band in the 3000–2500 cm−1 region were observed. 
 
5.4.3 Model fitting and validation 
The chemical reactions governing CO2 absorption in the aqueous [Cho
+][Lys−] IL 
solution are assumed to be given by the set of Equations (5.1–5.8). The 
equilibrium constants 𝐾1, 𝐾2 and 𝐾3, which characterise the water equilibrium 
and reversible reactions for CO2 dissociation in aqueous solution were taken from 
the Aspen Plus (ver. 10.2) library and not subjected to any data fitting. The other 
equilibrium constants, namely 𝐾4, 𝐾5, and 𝐾7 which characterise the reversible 
reactions of amine protonation of the lysinate anion, and 𝐾6 and 𝐾8, governing 
the bicarbonate ion binding, were fitted to the experimental pH and IR 
absorbance data. 
The initial absorption medium consisted of 700 mL of an aqueous solution 
with 1.49 moles of IL dissolved into 21.18 moles of water, where [R]0 =
2.13 M and [H2O]0 = 30.26 M. The initial pH was 12.88. Hence, the model 
described in Section 5.2 should satisfy the following initial conditions: 
 
[H2O]0 = 30.26 M,                  (5.59) 





2+]0 = 2.13 M,               (5.61) 
[CO2]0 = [HCO3
−]0 = [CO3
2−]0 = [P1]0 = [P1
+]0 = [P2]0 = 0.            (5.62) 
 
The CO2 solubility in the aqueous solution of [Cho
+][Lys−], at 1 atm and 20 
°C, is estimated to be [CO2]max = 0.019 M; this value was determined in Aspen 
Plus (ver. 10.2) using the unsymmetrical electrolyte NRTL property method 
(eNRTL-RK) and Redlich-Kwong equation of state for the gas phase. At the end 
of the experiment, the solution is known to be fully saturated because by then the 
inlet and outlet molar flowrates of gaseous CO2 are identical. The measured pH 
under saturation conditions was 7.93. Moreover, by applying Equation (5.35) to 
the experimental data, the total amount of absorbed CO2 under saturation 
conditions was found to be 3.13 M. Under these saturation conditions the 
concentration of aqueous CO2 should be 0.019 M. Thus, the model should satisfy 
the following conditions at the end (𝑡 → ∞) of the simulated experiment: 
[CO2]∞ = 0.019 M, pH∞ = 7.93 and [Ctot]∞ = 3.13 M. It is instructive to analyse 
the degrees of freedom of the problem. The equations governing the initial 




2−]0 = [P1]0 = [P1
+]0 = [P2]0 = 0,             (5.63) 
[H2O]0 = 30.26 M,                   (5.64) 
pH0  =  12.88,                   (5.65) 
[R]0 + [RH
+]0 + [RH2





−]0,                (5.67) 
 
1For simplicity the activity coefficients have been omitted from these equations but 








= 𝐾1 , (5.68) 
[RH+]0[H2O]0
[R]0[H3O+]0






= 𝐾5 . 
(5.70) 
This set of equations has one degree of freedom: it has five unknown 
variables—[R]0, [RH
+]0, [RH2
2+]0, 𝐾4 and 𝐾5  — and four Equations — (5.66), (5.67), 








are known, [R]0, [RH
+]0, [RH2
2+]0, 𝐾4, and 𝐾5 can be determined from the initial 
conditions of the experiment. 
The final conditions of the experiment reduce the number of degrees of 
freedom by two, because the values of pH∞ and [CO2]∞ are known. This means 
that the three equilibrium constants 𝐾6, 𝐾7, and 𝐾8 can be determined if the value 
of one of them is known. To summarise, the model has two degrees of freedom: 
e.g., the ratio 𝐾5 𝐾4⁄  and 𝐾6. 
The unknown equilibrium constants were determined by nonlinear least 




𝐾4 𝐾5⁄ , 𝐾6
∫ (pHexp − pHsim)
2[Ctot]∞
0





was solved. The condition of positiveness of all concentrations makes sure 
the obtained solution is physically meaningful. 
This is a nontrivial optimisation problem because it involves fitting the set 
of first-order differential Equations (5.41–5.52) in [Ctot] to the experimental pH 
data subjected to the algebraic constraint given by Equation (5.39), initial 
conditions given by Equation (5.53–5.56) and matching the final conditions of 
pH∞ and [CO2]∞. The constrained, nonlinear least squares fitting of this set of 
differential-algebraic equations was formulated and solved in gPROMS version 
4.1 (Process Systems Enterprise Ltd., UK; 
https://www.psenterprise.com/products/gproms) using gO:CAPE-OPEN to 
access the physical properties of the Aspen Plus database via the CAPE-OPEN 
interface standard [167–171]. 
External physical property packages are interfaced to gPROMS as Foreign 
Objects. Each distinct Physical Property Foreign Object used by a Model is 
declared as a Parameter of type FOREIGN_OBJECT. The latter keyword is 
normally followed by the class of the Foreign Object which identifies the external 
physical properties software that will be used to implement this instance of the 
Foreign Object. The standard way of referring to physical property calculations 
within the Model is as ForeignObjectName.PhysicalProperty for 
constant properties (mainly those relating to pure components properties such 
as molecular weights) and ForeignObjectName.PhysicalProperty 
(InputList) for variable physical properties. Each input of a physical property is a 
scalar or vector-valued variable or expression. Each property returns a single 
scalar or vector-valued quantity. The latter may be of type integer, logical or real. 
A method may be used anywhere in the Model where an expression of the 
corresponding dimensionality and type is allowed. 
gPROMS comes as standard with the COThermoFO Foreign Object [172] 
which allows gPROMS models to make use of external thermodynamic and 
physical properties software that comply with version 1.1 of the CAPE-OPEN 
Thermodynamic and Physical Properties specification [173]. To do this, in the 
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PROCESS entity the Foreign Object is declared to belong to class COThermoFO. 




Figure 5.9 Summary of the workflow required for interfacing gPROMS and an Aspen Plus 
Property Package (interface direction: Aspen Plus → gPROMS) that complies with version 1.1 
of the CAPE-OPEN Thermodynamic and Physical Properties specification. 
 
Table 5.2 lists the equilibrium constants that best fit the experimental pH 
curve. The equilibrium constant 𝐾6 was estimated with a small standard 
deviation (95% confidence interval equal to 0.42). However, the ratio 𝐾5 𝐾4⁄  is 
difficult to estimate with an equally small relative standard error. Despite this, 
the fitting results indicate that 𝐾5 ≪ 𝐾4 and [RH2
2+] ≈ 0; thus it is not possible to 
determine with certainty the value of 𝐾5 because the reaction (5) has little impact 
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on the results. It is thus concluded that the concentration of RH2
2+ in solution is 
≈ 0, due to the high reactivity between the bicarbonate ion and the anion [Lys−]. 
Therefore, the second protonation occurs simultaneously with the bicarbonate 
binding to the amine of the side chain. Nevertheless, the simulated results show 
the existence of a small amount of RH2
2+ at the end of the experiment, when no 
more CO2 is absorbed, owing to the presence of some free amine groups in the 
medium. 
 
Table 5.2. Equilibrium constants obtained from data fitting. For completeness, the values of all 
constants are listed, although only the ratio 𝐾5 𝐾4⁄  and 𝐾6 were adjusted. 
Equilibrium constant Value 
𝐾4 1.480 × 10
13 









Figure 5.10 shows the simulated and fitted pH curves plotted against the 
CO2 loading concentration. The simulated pH curve is in excellent agreement with 
the experimental data. In particular, the model simulates quite nicely the smooth 
concave and convex curvatures of the experimental pH curve, which can be 




Figure 5.10 Experimental (symbols) and fitted (line) curves of 𝑝𝐻 as a function of 𝐶𝑂2 loading, 
[𝐶𝑡𝑜𝑡] (M). 
Since it is assumed that at each instant along the absorption experiment the 
concentrations of the various species in solution are governed by the 
corresponding chemical equilibrium constants then the overall absorption 
kinetics must be controlled by mass transfer from the gas to the liquid phase. 
Since the gaseous CO2 flowing in the shell side of the contactor suffered a 
negligible pressure drop during the experiment (< 0.07 bar), it is safe to assume 
that the conditions prevailing in the shell side of the contactor were 1 atm and 20 
°C, and what varied throughout the experiment was the volumetric (or molar) 
outlet flow rate of CO2, ?̇?CO2
(out). Moreover, given that pure gas transport through 
the 0.65 μm pores of the EclipseTM membrane filled with gas phase is a much 
faster process than bulk mixing and diffusion of the dissolved gas in the liquid-
phase, the overall absorption kinetics should be controlled by mass transfer in 
the liquid phase. In this case, the overall differential material balance to the CO2 
can be written as 
𝑑(𝑉[Ctot])
𝑑𝑡
 = 𝑘L𝐴m([CO2]∞ − [CO2])  (5.73) 
where 𝐴m is the membrane contact area, 𝑘L the mass transfer coefficient in the 
liquid phase, and, recall, [CO2]∞ the CO2 solubility in the aqueous solution of 
[Cho+][Lys−] at 1 atm and 20 °C. This equation is more general than may seem at 
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first glance. With reference to Figure 5.5, the differential material balance to the 





L](in))  (5.74) 
where [CO2
L](in) and [CO2
L](out) are the inlet and outlet concentrations of aqueous 
CO2 in the lumen (L) side of the membrane and 𝑄 the volumetric recirculation 
flow rate in that same side. Given that the aqueous IL solution is assumed to be 
well mixed, by definition [CO2
L](in) = [CO2], where, as above, [CO2] is the CO2 
concentration in the bulk of volume 𝑉. Using a quasi-steady approximation, the 





 = 𝑘L([CO2]∞ − [CO2
L])  (5.75) 
Integrating this equation over the whole membrane area, 𝐴m, over which 
[CO2







 = 𝜙,   𝜙 ≡ exp (
𝑘L𝐴m
𝑄
















= [CO2], Equation (5.73) becomes 
𝑑(𝑉[Ctot])
𝑑𝑡
 = 𝑄 (1 −
1
𝜙
) ([CO2]∞ − [CO2]) ,. (5.78) 
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which is the same as Equation (5.73) with 𝑘L𝐴m replaced by 𝑄(1 − 𝜙
−1). 
Moreover, lim𝑄→∞ 𝑄(1 − 𝜙
−1) = 𝑘L𝐴m. Thus, even if there is a concentration 
gradient along the extent of the lumen side of the membrane, Equation (5.73) is 
still valid but with a slight change of the meaning of the product 𝑘L𝐴m. The latter 
was determined by nonlinear least squares fitting of the experimental [Ctot] curve 




∫ ([Ctot]exp − [Ctot]sim)
2𝑡end
0
𝑑𝑡,                 (5.79) 
where the subscripts exp and sim denote the experimental and simulated [Ctot] 
curves and 𝑡end the duration of the experiment. The estimated parameter value 
was 𝑘L𝐴m/𝑉 = 0.834 min
−1 (95% confidence interval of 2.3 × 10−6 and a standard 
deviation of 1.2 × 10−6). Figure 5.11 shows the simulated and fitted [Ctot] curves 
plotted against process time. The simulated [Ctot] curve is in excellent agreement 
with the experimental data. 
 
 
Figure 5.11 Experimental (symbols) and fitted (line) curves of 𝐶𝑂2 loading, [𝐶𝑡𝑜𝑡] (M), as a 
function of process time. 
 
Further simulated concentration profiles are plotted in Figures 5.12–5.14. 
These are meant to illustrate the sort of quantitative information provided by the 
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model. These profiles are not comparable with those published for the well-
studied, traditional aqueous amine solutions. Moreover, since there is no 
reported theoretical study in the literature on this system, it is not possible to 
make a comparison with data from other sources. Nevertheless, the good 
agreement between the simulated and experimental values, the likelihood of the 
trends displayed by the simulated concentration profiles, and reasonableness of 
the assumptions behind the chemical reaction equilibria support the validation 
of our model. 
Figure 5.12 shows the simulated [Cho+][Lys−] concentration profile and its 
protonated forms as a function of the total CO2 loading. The shape of the 
concentration profile for the single-protonated form is convex passing through a 
maximum and then tending towards progressively smaller values. This 
behaviour is consistent with the increase of P1 concentration (Figure 5.14), as a 
consequence of the bicarbonate ion attachment, evidenced in Figure 5.13. As 
stated above, the concentration of R2+ is negligible throughout the experiment. 
The amount of free bicarbonate increases until it reaches a peak and then is 
progressively consumed until the end of the experiment when no more CO2 is 
absorbed. The concentration profile of dissolved, unreacted CO2 starts from near 
zero and increases monotonically towards the saturation value achieved with 
physical absorption, which is much smaller than the loading achieved by 
chemical absorption. 
Some recent works [134,174] have reported on the qualitative identification 
of amine, carbamate, and bicarbonate species during the absorption of CO2 in 
aqueous solutions of various types of amines, but not in solutions of ILs with 
quaternary ammonium cations. Infrared monitoring allows quantitative 
measurements of multicomponent solutions provided the concentrations are 
within the range of validity of the Beer–Lambert law, but typically requires time-





Figure 5.12 Simulated curves of [𝑅] ≡ [𝐶ℎ𝑜+][𝐿𝑦𝑠−] IL and its two positively charged forms, 
[𝑅+] ≡ [𝐶ℎ𝑜+][𝐿𝑦𝑠−+] and [𝑅2+] ≡ [𝐶ℎ𝑜+][𝐿𝑦𝑠−++], as a function of total 𝐶𝑂2 loading, 
[𝐶𝑡𝑜𝑡]. 
 
Figure 5.13 Simulated curves of [𝐶𝑂2 (𝑎𝑞)], [𝐻𝐶𝑂3
−], and [𝐶𝑂3
2−] as a function of total 
𝐶𝑂2 loading, [𝐶𝑡𝑜𝑡]. 
 
Figure 5.14 Simulated concentration curves of the final products, 𝑃1 ≡ [𝐶ℎ𝑜
+][𝐿𝑦𝑠−+𝐻𝐶𝑂3
−] 
and 𝑃2 ≡ [𝐶ℎ𝑜
+][𝐿𝑦𝑠−++2𝐻𝐶𝑂3
−], and intermediate species 𝑃1
+ ≡ [𝐶ℎ𝑜+][𝐿𝑦𝑠−++𝐻𝐶𝑂3
−] as a 
function of total 𝐶𝑂2 loading, [𝐶𝑡𝑜𝑡]. 
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Although the experimental ATR-FTIR absorbance spectrum, 𝐴exp, was 
measured as a function of CO2 loading, 𝐴
exp = 𝐴exp([Ctot]), it is in reality a 
multivariable function of the experimental species concentrations in 
solution, [𝑆 ∈ 𝒮]exp, where 𝒮 = {H2O, OH
−, … , P2} represents the set of chemical 
species. Here we adopt a procedure somewhat similar to the calibration-free 
spectroscopic technique proposed by Richner and Puxty [154] for determining 
the speciation of CO2−H2O−alkanolamine systems. Their method is based on in 
situ infrared monitoring of the liquid phase during CO2 absorption by an aqueous 
amine solution in a stirred vessel, combined with mathematical hard modelling 
of the reaction mechanism. The species concentrations are calculated by fitting a 
thermodynamic model to multivariate spectroscopic measurements using 
nonlinear regression. In our procedure, however, the thermodynamic 
equilibrium constants of the CO2–H2O–[Cho
+][Lys−] system are those determined 
independently using our validated chemical reaction model, and the simulated 
profiles of species concentration as a function of CO2 loading shown in Figures 
5.12–5.14, [𝑆] = [𝑆]([Ctot]), considered to be a good approximation of their 
experimental counterparts. This, in turn, allows us to replace the analysis of 
𝐴exp([Ctot]) by a multivariable analysis of 𝐴
exp([𝑆 ∈ 𝒮]), where [𝑆] = [𝑆]([Ctot]) is 
given by the thermodynamic model. It is shown next that 𝐴exp([𝑆 ∈ 𝒮]) can be 
explained by a multivariable linear model and therefore the nonlinearities in 𝐴exp 
[Ctot] completely described by the thermodynamic model. 
If the Beer–Lambert law is valid, the measured absorbance at any given 
wavenumber, say 𝜆, in a multicomponent solution of 𝒮 components can be 
expressed as 
𝐴𝜆 = ℓ ∑ 𝜖𝜆,𝑖[𝑆𝑖] ,
𝑆𝑖ϵ𝒮
                                                                                                           (5.80) 
where ℓ is the path length, [𝑆𝑖] the molar concentration of species 𝑆𝑖, and 𝜖𝜆,𝑖 the 
molar attenuation coefficient (or molar absorptivity) of 𝑆𝑖 at wavelength 𝜆. 
Despite the limitations of this law, in particular its failure to maintain a linear 
relationship between attenuation and concentration of analyte over the full range 
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of concentration, here it is assumed that the change in the measured absorbance 
of the CO2–water–[Cho
+][Lys−] solution at any given wavenumber, say 𝜆, can be 
expressed as 
 
𝑑𝐴𝜆 = ∑ 𝑎𝜆,𝑖𝑑[𝑆𝑖] + 𝑑𝑒𝜆                                                                                                   (5.81)
𝑆𝑖ϵ𝒮
 
or, in integral form, 
∆𝐴𝜆(𝑡) = ∑ 𝑎𝜆,𝑖∆[𝑆𝑖](𝑡) + 𝑒𝜆(𝑡) ,
𝑆𝑖ϵ𝒮
                                                                                (5.82) 
where 𝒮 = {H2O, OH
−, … , P2} is the set of chemical species that make up the 
solution, ∆𝐴𝜆(𝑡) = 𝐴𝜆(𝑡) − 𝐴𝜆(0) and so forth, 𝑎𝜆,𝑖 ≥ 0 a nonnegative constant 
empirically related to the molar attenuation coefficient 𝜖𝜆,𝑖 and which for 
simplicity we shall refer to as an absorptivity coefficient, and 𝑒𝜆 ~ 𝒩(0, 𝜎
2) a 
random residual or error assumed to be normally distributed with zero mean 
and standard deviation 𝜎. In matrix notation, 
 

















],               (5.84) 
 
where 𝐴 is the 𝑚-vector of measured absorbances (i.e., the absorbance spectrum), 
𝚵 the 𝑚 × 𝑛 matrix of absorptivities, [𝑆] = [[CO2(aq)], [ HCO3
−], [R], … , [P2]]
𝑇
 the 𝑛-
vector of species concentrations, and 𝑒 the 𝑚-vector of residual errors. The matrix 
𝚵 can be determined by constrained multiple linear regression with a 








  s.t.  𝚵 ≥ 0                  (5.85) 
(the elements of matrix 𝚵 must all be nonnegative). This parameter estimation 
problem was formulated and solved in gPROMS. To improve the robustness of 
the estimation, any absorptivity 𝑎𝜆,𝑖 whose 𝜎𝜆,𝑖/𝑎𝜆,𝑖 ratio is larger than five times 
the average value of 𝜎𝜆,𝑖/𝑎𝜆,𝑖 for each wavenumber 𝜆, where 𝜎𝜆,𝑖 is the standard 
deviation of the estimated value of 𝑎𝜆,𝑖, is discarded, and then the nonnegative 
linear regression is repeated but without the eliminated parameters. One 
iteration is enough to discard the absorptivities that contribute little to the 
objective function. 
 
Figure 5.15 Experimental and simulated IR absorbances as function of 𝐶𝑂2 loading, [𝐶𝑡𝑜𝑡], at 
1647 cm−1, 1478 cm−1, and 1358 cm−1. 
Table 5.3 summarises the obtained results and Figure 5.15 compares the 
fitted and measured absorbances at the three selected wavenumbers plotted 
123 
 
against the CO2 loading concentration. The results clearly show that the chemical 
model and the corresponding fitted equilibrium constants are compatible with 
the ATR-FTIR data measured experimentally. The estimated values of 𝑎𝜆,𝑖 for 
HCO3
− and CO3
2− were either zero or their standard deviations very large and, 
therefore, discarded before further refitting. The estimated contribution of 
CO2(aq) to the measured ATR-FTIR signal is negligible because its concentration 
is very small in the aqueous IL solution. Also, the estimated value of 𝑎𝜆,𝑖 for  RH2
2+ 
was either zero or very close to it. The standard deviations of the estimates of the 
remaining absorptivities are all small and, therefore, appear to contribute 
significantly to explain the experimental ATR-FTIR data. 
 
Table 5.3 Values of the absorptivities for each component in the aqueous IL solution that best fit 
the experimental FTIR spectra. The 95% confidence interval of each estimated absorptivity is 
equal to 2𝜎. 
𝛌 (cm−𝟏) 1647 1478 1358 
𝑆𝑖 𝑎𝜆,𝑖 𝜎𝜆,𝑖/𝑎𝜆,𝑖 𝑎𝜆,𝑖 𝜎𝜆,𝑖/𝑎𝜆,𝑖 𝑎𝜆,𝑖 𝜎𝜆,𝑖/𝑎𝜆,𝑖 
CO2(aq) 0.0 
* 0.000 * 0.0 * 
HCO3
− 0.0 ** 0.000 * 0.0 ** 
CO3
2− 0.0 * 0.000 ** 0.0 * 
R 70.7 0.004 0.509 0.004 90.6 0.008 
RH+ 70.7 0.004 0.528 0.003 90.6 0.008 
 RH2
2+ 0.0 * 0.000 * 0.0 * 
P1 70.6 0.003 0.568 0.002 90.7 0.004 
P1
+ 78.1 0.003 0.207 0.002 100.0 0.005 
P2 69.5 0.004 0.656 0.005 90.0 0.004 













, as a function 𝐶𝑂2 loading over the wavelength 
range 1200 ≤ 𝜆 ≤ 1700 cm−1. 
Interestingly, the proposed model is able to accurately fit the experimental 
ATR-FTIR absorbance profile as a function of CO2 loading not only at the three 
selected wavelengths, but also over the entire wavelength range. This is 
demonstrated in Figure 5.16, which compares the experimental and fitted ATR-




, as a function CO2 loading over the 
wavelength range 1200 ≤ 𝜆 ≤ 1700 cm−1. For a better assessment of the quality 




, is also plotted. Notice 
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 is 0 ≤ Δ𝐴 ≤ 0.12 a.u., 




 is 15 times smaller: 0 ≤ ΔΔ𝐴𝜆 ≤ 0.008 a.u. 
It can be argued that the excellent fitting of the ATR-FTIR absorbance 
profile Δ𝐴𝜆([𝐶tot]) for each fixed wavelength 𝜆 is the result of a somewhat large 
number of fitting parameters: the five 𝑎𝜆,𝑖 for 𝑖 ∈ {R, RH
+, P1, P1
+, P2}. However, 
Figure 5.17 shows that this is not the case. The plots in Figure 5.17 of the five 𝑎𝜆,𝑖’s 
as a function of wavelength over the range 1200 ≤ 𝜆 ≤ 1700 cm−1 show that, for 
all purposes, the experimental ATR-FTIR absorbance profile as a function CO2 
loading can be explained by the multivariate linear regression of just three 
concentrations: [P1
+], [P2], and the aggregate concentration [R] + [RH
+] + [P1]. 
Figure 5.17 also shows the regions of the spectrum where the absorbance is less 
sensitive to changes in the composition and molecular structure of the solution. 
The values of 𝑎𝜆,𝑖 are significantly smaller over the wavelength region 1390 ≤ 𝜆 ≤
1570 cm−1 (except for a small peak centred at 1511 cm−1) than elsewhere in the 
explored domain 1200 ≤ 𝜆 ≤ 1700 cm−1, implying that for 1390 ≤ 𝜆 ≤
1570 cm−1 the absorbance is less sensitive to changes in the composition and 
concentration of the aqueous IL solution. 
 
 
Figure 5.17 Plots of the five fitting parameters 𝑎𝜆,𝑖, 𝑖 ∈ {R, RH
+, P1, P1
+, P2}, as a function of 
the wavelength over the range 1200 ≤ 𝜆 ≤ 1700 cm−1. For all purposes, the curves of 𝑎𝜆,R, 




Overall, the proposed model and solution procedure to explain the chemical 
absorption mechanism using the pH and ATR-FTIR data appear to be robust. On 
the one hand, the model provides not only the equilibrium constants of the 
reversible reactions of protonation of the amine groups and bicarbonate binding, 
concentration profiles of the compounds involved in the reactions for the CO2–
[Cho+][Lys−]–water system, and overall mass-transfer coefficient based on 
liquid-phase concentrations, but also a better understanding of the chemical 
absorption mechanism. On the other hand, the model is also the basis for a 
chemometric analysis of the experimental ATR-FTIR data and the proposed 
procedure corroborates the possibility of using ATR-FTIR analysis for CO2 
monitoring in this complex aqueous medium. In addition, the method is 
applicable to a wide range of CO2 loadings, since it combines the sensitivity of 
two different analytical methods. 
 
5.5 Conclusions 
We have performed experiments of CO2 capture into a 50 wt% [Cho
+][Lys−] IL 
solution up to saturation conditions, using a PTFE membrane contactor to 
promote the contact between the gas and liquid phases. The absorption 
mechanism of CO2 in the aqueous [Cho
+][Lys−] solution was investigated, and a 
chemical model was proposed for the CO2–[Cho
+][Lys−]–water system. The 
unknown chemical equilibrium constants—those of the reversible reactions of 
amine groups protonation and bicarbonate binding—were determined by fitting 
the experimental pH curve as a function of CO2  loading. The validated model 
provides, among other information, the equilibrium constants of the reversible 
reactions of protonation of the amine groups and bicarbonate binding, 
concentration profiles of the compounds involved in the reactions for the CO2–
[Cho+][Lys−]–water system as function of CO2 loading, and overall mass-transfer 
coefficient based on liquid-phase concentrations. From the analysis of the ATR-
FTIR spectra, we identified peaks and observed changes in their absorbances 
with CO2 loading. The variations observed in the entire FTIR spectrum are due 
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to the increased concentration of IR absorbing ionic moieties in the aqueous IL 
medium; in particular, it is shown that the changes in the ATR-FTIR spectra with 
CO2 loading can be explained by the multivariate linear regression of just three 
concentrations: [P1
+], [P2], and the aggregate concentration [R] + [RH
+] + [P1]. 
The results presented in this study corroborate the potential of using ATR-FTIR 



























6 Removal of CO2 from Xenon anaesthesia 
circuits using an amino acid ionic liquid 
solution in a membrane contactor  
 
Summary 
The noble gas xenon possesses many characteristics of an ideal anaesthetic agent. 
However, its application is limited in daily clinical routine due to the elevated 
prices. The present work proposes the use of a gas-ionic liquid membrane 
contactor system in anaesthesia closed-circuits, for the removal of carbon 
dioxide, to allow the recycling of the anaesthetic agents, as a route to enable the 
widespread use of xenon. In the current technology, soda lime is used to absorb 
carbon dioxide, when the anaesthetics are delivered in closed circuits, to allow 
the recycling of the anaesthetic mixture. Nevertheless, the current solution 
presents several drawbacks, including the production of carbon monoxide (CO) 
and fluoromethyl-2,2-difluoro-1-(trifluoromethyl)vinyl ether (usually referred as 
Compound A), from the action of soda lime with volatile liquids used in 
anaesthesia. The ionic liquid solution is composed by cholinium lysinate and 













lysinate for the CO2 removal, express a high efficiency, especially when xenon 
was used as the inhalational anaesthetic. Additionally, the proposed work 
evaluates the use of thermal and chemical regeneration of the ionic liquid 
solution. The thermal regeneration method is not adequate for regeneration and 
reuse of the IL. However, the use of ion-exchange resins proved to be an efficient 
and simple strategy for integration in the proposed system. 
 
6.1 Introduction 
Anaesthesia is usually provided as a combination of intravenous and 
inhalational agents to create an unconscious state and to relief the pain during 
surgical interventions. The inhalational anaesthetic agents are administered 
through artificial ventilation and are a combination of inorganic gases (nitrous 
oxide or xenon) and volatile liquids (isoflurane, desflurane, halothane, enflurane 
and sevoflurane) [1,2]. One of the major concerns regarding the use of these 
anaesthetic systems is their cost-effectiveness. Therefore, the anaesthetic gas 
commonly used is nitrous oxide (N2O), due to its low cost (0.80 €/L). Moreover, 
the use of N2O allows to reduce the costs per operation, by reducing the amount 
of volatile anaesthetics necessary to induce the anaesthetic state, which are 
significantly more expensive (Isoflurane – 126 €/L, sevoflurane – 756 €/L, 
Desflurane – 806 €/L) [12–15]. Other approach to reduce the costs is to rebreathe 
the remainder inhalational anaesthetics, performing the operation in a closed-
circuit mode. After the patient exhales the anaesthetic mixture, containing CO2, 
oxygen, nitrogen, volatile anaesthetics and water, this is recovered by 
replenishing the oxygen and removing the CO2 content (<0.5 vol% to allow 
rebreathe). Currently, soda lime is the absorber compound used to remove CO2 
from the gas stream. The combination of both approaches significantly reduces 
costs. However, some disadvantages emerge. Concerns regarding the production 
of carbon monoxide (CO) and Compound A (fluoromethyl-2,2-difluoro-1-
(trifluoromethyl)vinyl ether), from the action of soda lime on desflurane and 
sevoflurane, restrains the performance in a closed-circuit mode [7]. 
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Xenon (Xe) is regarded as a more interesting anaesthetic gas than N2O due to 
its safer properties. In 1951, Cullen et al. [18] reported for the first time the use of 
xenon as an anaesthetic for an operative procedure in a human being. In their 
study, the effects obtained in humans through mixtures of Xe:O2 and N2O:O2, 
administered using a closed system with soda lime to permit conservation of the 
gases, were compared. The patients reported more pronounced subjective 
sensations of dizziness and incipient loss of consciousness, which are evidences 
of higher anaesthetic effect, with the Xe mixture than with the N2O mixture. 
Later, it was found that Xe causes minimal effects on the cardiovascular system, 
producing less haemodynamic depression, which enables its use in patients with 
cardiac pathologies [16,19]. Xe minimum alveolar concentration (MAC), that 
defines the minimal level of anaesthesia to allow surgery, is 71 while the MAC 
value of N2O is 104. Additionally, the blood-gas partition coefficient, that 
indicates the onset time and recovery speed, of Xe is 0.115 which is the lowest of 
all known anaesthetics [19–22]. Thus, with less amount of gas a faster induction 
of the anaesthetic effect is achieved. Moreover, the analgesic potency of Xe allows 
omission of further volatile inhalation agents [23]. Due to a recovery rate higher 
than the other anaesthetics, Xe utilisation reduces the time patients spend in the 
hospital, which benefits the health care costs [24]. In terms of environmental 
impact, the anaesthetics are vented to the atmosphere, which can be prejudicial 
when using N2O, because this has been related to the destruction of the ozone 
layer and also leads to greenhouse effects, while Xe is not associated with either 
[25]. Despite all the advantages mentioned, Xe does not have a widespread use 
due to its high cost (11 €/L). To be economically viable, efforts must be made to 
reduce the costs both in the manufacture process (cryogenic distillation of air) 
and in the process of anaesthesia delivery. Nakata et al. [13] performed a cost 
analysis of Xe, in comparison with N2O-isoflurane and N2O-sevoflurane. The 
authors were able to reduce the costs of Xe anaesthesia due to its low blood-gas 
partitioning and by performing the operation in closed-circuit mode. As 
outcome, the cost of Xe anaesthesia was comparable with the semi-closed circuit 
using N2O-volatile anaesthetics, excluding the priming and flushing steps.  
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Membrane-based technology has been proposed as a possible alternative for 
the recycling of the inhalational anaesthetics. The investigated alternatives 
included the use of membrane contactors for CO2 absorption with a reactive 
liquid phase [108,124,164], hollow fibre contactors [5,27], carbon molecular sieve 
membranes [6], immobilized liquid membranes [3] and zeolite membranes [29]. 
When compared to other membrane configurations, hollow-fibre contactors have 
larger membrane area per unit volume resulting in higher overall throughput, 
high self-mechanical support, good flexibility and easy system operation.  
In the present work, a polytetrafluoroethylene (PTFE) membrane contactor 
with a cholinium lysinate ([Cho+][Lys−]) ionic liquid (IL) solution is proposed to 
remove CO2, as alternative to the soda lime absorber, aiming the cost-
effectiveness and further widespread use of xenon. In our previous work [164], 
the same system was proposed and validated for the use of N2O. As outcome, we 
were able to purify a continuous flow of an anaesthetic stream containing N2O, 
O2, N2, CO2 and water vapour, with a minimum operating time of 63 hours, 
granting a CO2 content bellow 0.5 vol%. Although this solution has revealed to 
be very efficient for the removal of CO2, there is a need to consider close-to-reality 
conditions, such as the inhalation/exhalation breathing cycles of the patients 
under anaesthesia. Therefore, one of the goals of the present study is to recover 
the remainder anaesthetic stream containing xenon, under dynamic flow 
conditions, such as pulsed flow simulating the breathing cycles.  
ILs with quaternary ammonium cations, of which the cholinium cation is a 
prominent example, are biocompatible and possess much lower toxicity than 
most conventional absorbents. For this reason, [Cho+][Lys−] IL is particularly 
suitable for this application, in terms of toxicity levels, which already proved to 
be highly selective towards CO2 [164]. However, to achieve comparable costs 
with soda lime, a regeneration unit for the IL solution is required and therefore 




Figure 6.1 Proposed process scheme. 
 
Due to the strong basic character of the [Cho+][Lys−] IL solution (pH~13), the 
contact between the amino groups of the lysinate anion and CO2, in the form of 
bicarbonate and carbonate anions, is extremely reactive. At this pH, the amine of 
the alkyl side chain of lysinate anion can be partially protonated since its pKa is 
10.53. Consequently, the CO2 molecules, converted into bicarbonate and 
carbonate anions, bind first to the amine of the alkyl side chain to get charge 
neutralisation. Along with the absorption of CO2, the pH of the [Cho+][Lys−] 
solution decreases, approaching to the pKa ~ 8.95 of the second amine, the amine 
of the carboxylic acid functional group. Therefore, a second protonation of the 
lysinate anion occurs in this amine, as well as, a second site for bicarbonate 
binding [127]. [Cho+][Lys−] IL solution reaches its saturation state when both 
amines of the lysinate anion are attached to bicarbonate anions. In our previous 
work, the maximum loading capacity of this ionic liquid solution in contact with 
the anaesthetic gas stream, was 5.9 mol CO2/kg IL (or 3.1 mol CO2/dm3). 
In the present work, different conditions were explored for the regeneration 
of the [Cho+][Lys−] solution after absorption of CO2. The regeneration methods 
for CO2 absorbents are, in general, thermal regeneration and/or desorption under 
vacuum [176]. Traditionally, thermal regeneration is the selected method in 
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stripping with water vapour at 100 to 120 °C. In the present case, it is not possible 
to explore the full potential of this method, due to the high amount of water 
present in the IL solution (50 w/w%), which leads to high losses of water under 
high temperature conditions. The loss of water could be overcome by the 
addition of water after regeneration to assure the IL concentration, but this 
procedure would introduce a high degree of complexity to the system proposed. 
Therefore, a different approach was considered for regeneration of the IL 
solution. The method consists of using ion-exchange resins as pH modifiers. 
Adding a cation exchange resin, the pH decreases, the bicarbonate bond with the 
amines breaks, while protonation of the bicarbonate and amine groups of the 
lysinate anion occurs. After the release of CO2, the regeneration procedure is 
completed by a subsequent contact of the IL with a basic anion exchange resin, 
which acts as a OH- donor, bringing the IL to its original deprotonated condition, 
ready to initiate a new absorption cycle. 
In brief, the main goal of the present work is the study and development of 
procedures that lead to a decrease of the costs of using Xe as an anaesthetic agent. 
The following aims are considered: (1) create an efficient operation for the CO2 
removal from Xe anaesthesia, using a combined system of a membrane contactor 
and a highly CO2 selective ionic liquid; (2) assemble the system to allow operation 
in a closed circuit for xenon recycling; (3) develop a regeneration unit for the ionic 
liquid solution, after absorption of CO2, to permit its prolonged use as a route to 
attain an economically viable alternative system for the current technology. 
 
6.2 Materials and methods 
6.2.1 Preparation of the IL solution 
The [Cho+][Lys−] IL solution was prepared from a choline hydroxide solution 
(45wt% aqueous solution, Acros Organics, USA) and L(+)-Lysine monohydrate 
(99%, Acros Organics, USA), supplied by Thermo fisher Scientific. The details 
regarding the synthesis and characterisation of the [Cho+][Lys−] solution are 




Figure 6.2 Synthesis of [Cho+][Lys-] ionic liquid. 
 
6.2.2 Removal of CO2 from anaesthetic mixtures 
Different gases, namely, carbon dioxide (CO2, purity grade 99.998%), oxygen (O2, 
purity grade 99.999%), nitrogen (N2, purity grade 99.998%) and xenon (Xe, purity 
grade 99.998%), all supplied by Praxair (USA), were used. The gas mixture, 
which composition was prepared to simulate the exhalation of an adult patient 
under anaesthetised state, was fed to the membrane contactor in two different 
modes: constant and pulsed flow. The pulsed gas flow experiments, simulating 
the inhalation and exhalation cycle, were performed using an electrically 
actuated 2-way ball valve (FIP, Casella, Genova), with an electric actuator (AVA 
Smart actuators, model B35, Worcestershire, England) commuting each 8 
seconds. The selected membrane module was supplied by Markel Corporation 
(USA). The membrane, in the form of capillaries, was made of porous 
polytetrafluoroethylene (EclipseTM membrane) and assembled in a stainless-steel 
housing. The membrane module active area was 1.03 m2, with a capillary inner 
diameter of 1.5 mm (membrane thickness of 0.2 mm) and an effective length of 
40.6 cm. The module has a 6 cm inner diameter and comprises 537 capillaries. 
The experimental set-up for the pulsed feed flow experiments is shown in Figure 
6.3. Details regarding the experimental configuration used in the continuous flow 
experiments, are described in our previous work [164]. 
In all experiments, small volume samples of ionic liquid solution were 
collected periodically every 1 hour, for further Fourier-transform infrared (FTIR) 
spectroscopy analysis. The FTIR analysis was performed using an attenuated 
total reflectance (ATR) accessory in a Perkin Elmer Spectrum Two FT-IR 
Spectrometer, at room temperature. Simultaneously, the pH of the ionic liquid 
solution was measured in situ with a Mettler Toledo pH probe (model l405-DPAS-
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SC-K8S, USA) connected to an in-line tester (Jenco, model 3621, USA), as 
represented in Figure 6.3. 
 
Figure 6.3 Schematic representation of the experimental set-up for the pulsed feed gas mixture 
experiments: 1 – membrane module; 2 – positive displacement pump; 3 – pressure gauge; 4 – 
stirrer plate; 5 – ionic liquid vessel; 6 – sampling point; 7 – digital thermometer; 8 – pH meter; 
9-11 – gas cylinders; 12-14 – solenoid valves; 15-17 – mass flow controllers; 18 – gas mixture 
unit; 19 – electrically actuated 2-way ball valve; 20 – mass flow indicator; 21 – stainless steel 
humidifier with a gas disperser; 22 – thermocouple; 23 – needle valves; 24 – three way manual 
valve; 25 – GC on-line. 
 
6.2.3 Regeneration of the [Cho+][Lys-] ionic liquid solution  
The regeneration of the ionic liquid solution was studied using three different 
approaches: thermal regeneration, thermal regeneration under reduced pressure 
and chemical regeneration with ion-exchange resins.  The regeneration was 
performed using samples of [Cho+][Lys−] ionic liquid, obtained from the CO2 
removal experiments.  In the case of the thermal regeneration approach, the IL 
sample was placed in a three necked round-bottom flask and heated using an oil 
bath and a Arex hot plate stirrer, from VELP Scientifica (Italy). The regeneration 
experiments were performed under 50, 70, 80 and 110 °C. A glass condenser 
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connected to a refrigerated circulator (Julabo, model Corio CD, Germany) was 
used to condense the water vapour released, for the purpose of ensuring the 
concentration of the ionic liquid solution during the heating process. The 
temperature in the refrigeration fluid of the circulator was set at -8 °C. 
For the thermal regeneration under reduced pressure, a 50 mL sample of 
the ionic liquid solution to be regenerated was placed in a round-bottom flask. 
Afterwards, the flask was connected to a rotary evaporator (Büchi, Switzerland) 
for 1 hour, under an absolute pressure of 15 mbar. The temperature of the 
equipment was set at 70 °C, to avoid excessive loss of water. Nevertheless, a 
further addition of water was required to restore the concentration of the IL in 
solution. Later, the samples were analysed by ATR-FTIR. 
The IL solution regeneration approach with ion-exchange resins was 
performed in two steps. First, a strong acidic cation (SAC) type resin, Amberlyst 
15, supplied by BDH Chemicals Ltd. (England), was added to a sample of 
[Cho+][Lys−] ionic liquid solution after absorption of CO2, in a weight ratio of 2:1 
of resin:ionic liquid solution. The sample solution with the SAC resin was stirred 
over 3 hours and later analysed by ATR-FTIR spectroscopy. Afterwards, the SAC 
resin was decanted from de ionic liquid solution. In a second step, the IL solution 
recovered after contact with the SAC was added to a strong basic anion (SBA) 
type resin, DOWEX 1 chloride form, from Sigma-Aldrich (USA) in its OH- form 
(the resin was washed with a 2M sodium hydroxide solution, to exchange the 
original chloride anions by hydroxide anions). The contact between the resin and 
the IL solution was performed for 1 hour and later the sample was analysed by 
ATR-FTIR spectroscopy. Additionally, the water content before and after each 
step was measured by titration with a Karl-Fischer coulometer without 




6.3 Results and discussion 
6.3.1 CO2 removal from anaesthetic gas mixtures 
The CO2 removal was performed with different anaesthetic mixtures, to assess 
the efficiency of the proposed system, under conditions close to real. A mixture 
containing 65% of Xe, 5% of CO2, 3% of N2 and 27% of O2, was prepared and 
saturated with water vapour (at 37 °C), to simulate the composition of an exhaled 
gas mixture by an adult patient under anaesthesia state. In some cases, when the 
inhalation gas is not used, a fresh stream of medicinal air (21% of O2 and 79% of 
N2) is administered to provide clean air in the ventilator. Therefore, a medicinal 
air mixture containing 5% of CO2 and saturated in water vapour, was also 
considered in the present study. 
The proposed system was operated under minimum flowrate of the 
anaesthetic gas, i.e. 250 mL.min-1 [4]. The anaesthetic gas mixture and the 
[Cho+][Lys−] ionic liquid solution circulated in counter-current mode to 
maximise the mass transfer, with the gas phase in the shell side of the module, 
avoiding preferential flow and dead zones in the liquid phase in the shell side. 
The inlet and outlets of the module were maintained opened during the 
experiments, sidestepping a pressurized gas phase inside the module, assuring a 
CO2 removal driven exclusively by the chemical reaction between the IL solution 
and CO2. Consequently, the absorption process was accomplished with a gas 
phase pressure close to the atmospheric, and with an ionic liquid solution 
circulating in closed loop at a low and constant flow rate (790 mL.min-1). The ionic 
liquid solution circulated with a minimum flow rate, to avoid liquid 
overpressure at the pores’ mouth of the capillaries. The CO2 content in the gas 
phase was monitored through on-line Gas Chromatography (GC), while in the 
liquid phase, pH measurements and IR spectroscopy were used. The monitoring 
of the liquid phase allowed to assess the concentration profile of protonated 
amines, bicarbonate and carbonate anions in the system CO2-water-[Cho+][Lys−]. 
As mentioned before, the saturation state of the solution is achieved when 
the bicarbonates are attached to all amine groups available in the lysinate anions. 
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However, the rebreathing of the recycled anaesthetic gas is only possible if the 
condition of a CO2 content below 0.5% is assured. Along the CO2 absorption, the 
availability of the alkyl side chain amine of the lysinate anion decreases, as well 
as the driving force between gas and liquid phases, which reduces the CO2 flux 
across the membrane. Therefore, to assure the condition for the rebreathing of 
the anaesthetic gas, the complete saturation of the ionic liquid solution is 
intentionally not reached. 
The CO2 flux (𝐽𝐶𝑂2, in mol.m
-2. s-1) across the membrane is described by: 
𝐽CO2 = 𝐾𝑜𝑣 × (CO2 − CO2
∗) (6.1) 
where (CO2 − CO2
∗ )  is the concentration driving force (mol.m-3), CO2 is the carbon 
dioxide concentration in the gas phase, CO2
∗  is the carbon dioxide concentration 
in equilibrium with the concentration of CO2 in the liquid phase, which is null in 
this case due to the fast and direct conversion into bicarbonate. 𝐾𝑜𝑣 is the overall 
mass transfer coefficient (m.s-1), obtained as follows: 
𝐾𝑜𝑣 =
𝑄𝑔 × (𝐶𝐶𝑂2,𝑖𝑛,𝑔 − 𝐶𝐶𝑂2,𝑜𝑢𝑡,𝑔)
𝐴 × ∆𝐶𝐶𝑂2,𝑔,𝑙𝑚
 (6.2) 
where the 𝑄𝑔 is the gas flow rate (m
3.s-1) inside the module, 𝐶𝐶𝑂2,𝑖𝑛,𝑔 and 𝐶𝐶𝑂2,𝑜𝑢𝑡,𝑔 
are the CO2 concentrations (mol.m-3) in the gas phase inlet and outlet, 𝐴 is the 
gas-liquid contact area (m2) and ∆𝐶𝐶𝑂2,𝑔,𝑙𝑚 is the logarithmic mean driving force 
based on the gas phase concentrations (mol.m-3), described as: 
∆𝐶𝐶𝑂2,𝑙𝑚 =
(𝐶𝐶𝑂2 − 𝐶𝐶𝑂2














∗  and 𝐶𝐶𝑂2,𝑜𝑢𝑡
∗  are the equilibrium concentrations at the interface 
between the gas and liquid phases. Additionally, the process efficiency was also 
assessed, through the separation factor (𝑆𝐹) between CO2 and Xe. Considering 
the ratio between the permeable species in the feed and the permeate side, SF 







where, p and f are the permeate and feed streams and i and j the permeable 
species, in particular i the most permeable one. 
 
6.3.2 Comparison of constant and pulsed flow 
Artificial ventilation includes setting the duration of both inspiration and 
expiration periods, which together determine the respiratory rate and the 
inspiration/expiration ratio, which is normally between 1:2 and 1:4, giving 
respiratory frequencies in the range of 12 to 20 breaths per minute, moving about 
500 mL of air into and out of the lungs [177,178]. Hereupon, to assess the 
performance of the proposed system in conditions close to real, experiments were 
performed considering a pulsed feed flow. The gas mixture, with medicinal air 
and 5% of CO2, saturated with water vapour, was pulsed and fed to the system 
to simulate the inhalation/exhalation breathing cycles. The pulsed feed mode was 
also compared with the continuous feed mode, using the same gas composition. 
In Table 6.1 are listed the results obtained. 
Despite the similarity obtained for the mass transfer coefficients and CO2 
fluxes in both cases, the gas residence time inside the module was higher in the 
case of the pulsed feed. In this case, the feeding stream was interrupted in 
between pulses and the gas mixture remained longer inside the module, which 
allowed for a higher contact time between CO2 and the ionic liquid. This 
difference is expressed by the CO2 loading and by the operation time, in which 
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the system was able to guarantee an effective removal of CO2 granting an outlet 
concentration below to 0.5% (vol.). Hence, according to the results obtained, the 
proposed system is more efficient for CO2 removal when operated under close-
to-real conditions. 
 











Constant flow 1.11×10-5 9.01×10-6 3.50 42 
Pulsed flow 1.44×10-5 9.15×10-6 4.97 119 
 
The pH of the ionic liquid solution was measured along with the 
absorption of CO2. In Figure 6.4, it is represented the pH of the solution against 
the time CO2 was removed from the simulated anaesthetic stream. 
 
 
Figure 6.4 Experimental pH as function of time. 
 
As the CO2 was absorbed, the pH of the [Cho+][Lys−] solution decreased, 
due to the formation of bicarbonate and carbonate anions. In the pulsed feed 
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mode, the proposed system is capable to maintain longer the CO2 content of the 
anaesthetic stream below 0.5% vol., comparing with the operation in the 
continuous flow mode. Consequently, the amount of CO2 captured was higher 
and the final pH (9.5) lower. 
To assess the chemical behaviour of CO2 absorption in the liquid phase, 
under pulsed feed conditions, various samples of ionic liquid were collected 
along CO2 absorption and analysed by IR spectroscopy. The chemical reaction 
between CO2 and the [Cho+][Lys−] ionic liquid led to the formation of bicarbonate 
ions, carbonate ions and protonated amines. According to our previous study 
[164], the characteristic bands of the protonated amines, carbonate and 
bicarbonate ions are present at 1647 cm-1, 1478 cm-1 and 1358 cm-1, respectively. 
Therefore, the CO2 absorption was monitored following the increase of the 
absorbance at these wavenumbers (Figure 6.5). 
 
 
Figure 6.5 Experimental IR absorbances as function of CO2 captured by the ionic liquid solution 
under pulsed feed flow, at 1358 cm-1, 1478 cm-1 and 1647 cm-1 wavenumbers, which bands 
correspond respectively to bicarbonate, carbonate ions and protonated amine. 
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The IR absorbances obtained were plotted against the CO2 captured by the 
ionic liquid solution (mole of CO2 captured per dm3 of ionic liquid). All the IR 
absorbance curves show an increasing profile, expressing the rise of the 
concentration of each compound, i.e., protonated amine groups, bicarbonate and 
carbonate ions, along with the CO2 absorption. Moreover, data at 1478 cm-1 
corresponding to carbonate ions, shows a slight flattening at the end of the curve. 
This profile might be explained by the CO2 dissociation in aqueous media 
according to pH, described in the corresponding Bjerrum plot [179]. The 
concentration of carbonate ions in the [Cho+][Lys−] solution, corresponds to the 
free amount dissolved, according to the chemical reaction described in Equation 
(6.5), while the bicarbonate ion concentration is the sum of the bicarbonate ions 
dissolved in the free form and the ones attached to the amines. The chemical 
mechanism of the system CO2-water-[Cho+][Lys−] is described by reversible 
reactions, including the reaction of bicarbonate and carbonate formation (CO2 
dissociation in water), as follows: 
 
CO2 + 2H2O ⇌ HCO3
− + H3O
+       (6.5) 
HCO3
− + H2O ⇌  CO3
2− + H3O
+       (6.6) 
 
The amount of carbonate anions dissolved in the system, find its maximum 
at pH = 12. As pH decreases, the chemical reaction moves towards the formation 
of bicarbonate ion, consuming free carbonates. Therefore, the formation of free 
carbonates concentration is exclusively determined by the pH of the media, 
while, the formation mechanism of bicarbonate ions is potentiated by their 
attachment to the protonated amines, leading to concentration increase along 




6.3.3  Comparison of different anaesthetic mixtures  
As mentioned, a mixture containing 65% of Xe, 5% of CO2, 3% of N2 and 27% of 
O2, was prepared and saturated with water vapour (at 37 °C) and tested in the 
proposed system. In Table 6.2 are listed the CO2 overall mass transfer constant, 
the CO2 and anaesthetic gas total fluxes across the membrane and the separation 
factor (SF), obtained in the present work, as well as the mass transfer parameters 
obtained in our previous work, when the inhalational anaesthetic was N2O [164]. 
It is important to mention that, CO2 was removed from a gas mixture containing 
mostly the anaesthetic gas, having 5% of CO2. Even though, CO2 was efficiently 
removed. In an overall perspective, the system operated more efficiently when 
N2O was replaced by Xe. The loss of Xe, through diffusion to the ionic liquid 
solution, was almost half of the N2O loss, leading to a higher separation factor for 
CO2/Xe.  
 










Xenon 1.26×10-5 1.11×10-5 3.20×10-6 27.70 
Medicinal air 1.19×10-5 9.04×10-6 - 14.02 
N2O [164] 9.33×10-6 8.46×10-6 5.75×10-6 14.60 
 
From the mass transfer parameters obtained, we can easily calculate the 
costs of using N2O or Xe as inhalational anaesthetic gas, considering operation 
with the proposed system. The values presented in Table 6.3 were calculated for 
1 hour of operation. As mentioned, the gas mixture was fed at 250 mL.min-1, 
containing 65% of anaesthetic gas. Therefore, the corresponding anaesthetic flow 
 
2 The flux accross the membrane was not determined for the experiments with medicinal air. 
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was 160 mL.min-1 (9.75 L.h-1). Due to the flux of inhalational anaesthetics across 
the membrane, by diffusion to the aqueous IL solution, the gases were not 
recovered completely (considering the total amount diffused as losses). 
Converting those molar fluxes in volumes of gas, the system is able to recover 
94.72 vol.% of N2O and 97.06 vol.% of Xe. This is a relevant feature for the cost 
effectiveness of the rebreathing process. For operation in open circuit mode 
(without recycling to the patient), the cost of N2O per hour is 7.8 €, while the use 
of Xe reaches a cost of 107.25 € per hour. Independently from the gas used, the 
proposed system impacts very positively in the costs of operation. Additionally, 
with the propose system, the widespread use of Xe may become viable because 
it is possible to reduce costs down to 3.15 €/h. 
 






















9.24 94.72 7.8 0.41 
Xenon 9.46 97.06 107.25 3.15 
(i) Prices assumed: 0.80 €/L for N2O and 11 €/L for Xe. 
 
6.3.4 Ionic liquid regeneration 
The utilisation of a carbon dioxide absorbent on medical interventions with 
inhalational anaesthetics, was previously mentioned as a route to strongly reduce 
the global costs. An effective CO2 removal unit coupled to a ventilator 
significantly reduces the costs, due to the rebreathing of the remainder 
anaesthetic gases expelled by the patient. The current technology uses a mixture 
of sodium hydroxide and calcium hydroxide (soda lime) for the capture of CO2. 
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However, there are unwanted side products from the contact of soda lime with 
volatile anaesthetic compounds, besides the release of carbon monoxide. 
Therefore, the present work proposes the use of a [Cho+][Lys−] ionic liquid 
solution as a safer and more efficient choice to absorb CO2. However, the low cost 
of soda lime makes difficult to find a cost competitive alternative. Therefore, the 
self-regeneration of the absorbent seems to be the most adequate approach for 
the replacement of lime soda. 
In our previous work [164], CO2 was removed from anaesthesia mixtures 
and the ionic liquid solution was partially regenerated using a sweep gas, in a 
closed-circuit configuration, using a second PTFE membrane contactor for IL 
regeneration and  removal of CO2. As outcome, it was proposed to invest more 
efforts to study the IL regeneration, since the sweep gas methodology was not 
sufficient to obtain the complete IL regeneration. Additionally, in the same work, 
it was reported that CO2 absorption is achieved through chemical reaction with 
the cholinium lysinate aqueous solution, particularly, the CO2 in the bicarbonate 
form binds to both amines of the lysinate anion. A weaker bond is established 
with the amine of the carboxylic acid functional group, which allows for the 
reversion of the CO2 attachment in this site through the contact with the sweep 
gas. The stronger bond, i.e. the bond between bicarbonate and the amine of the 
alkyl side chain, does not break by imposing a concentration difference with the 
sweeping gas. Therefore, to achieve a complete regeneration of the ionic liquid, 
three approaches are herein proposed for the regeneration of the [Cho+][Lys−] 
ionic liquid solution, namely: thermal regeneration, thermal regeneration under 
reduced pressure and chemical regeneration using ion-exchange resins. The 
regeneration experiments were performed after CO2 capture with the ionic liquid 
solution. 
In the present work, the ionic liquid solution was heated at different 
temperatures, i.e. 50, 70, 80 and 110 °C. Moreover, the solution was submitted to 
reduced pressure conditions, using a rotary evaporator, at a constant 
temperature of 70 °C. Samples of the IL solution were collected during the 
heating process and were analysed through ATR-FTIR to access the impact of 
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temperature on the reversion of the CO2 capture. In Figure 6.6 are represented 
the IR spectra obtained to evidence the changes on the characteristic peaks, after 
the heating process. 
 
 
Figure 6.6 IR spectra of the [Cho+][Lys-] ionic liquid solution before and after being submitted 
to heating regeneration under controlled temperature/pressure conditions. 
 
The IR spectra obtained from the experiments at 50, 70 and 80 °C, are not 
represented due to the lack of significant differences obtained after the heating 
process. The IR spectrum at 110 °C is representative of the absence of temperature 
impact when the [Cho+][Lys−] solution was heated. In practice, this means that 
the bond between CO2 and the amine group is not disrupted by applying 
temperatures up to 110 °C. As mentioned before, it is not desirable to increase 
the temperature to avoid high water losses from the [Cho+][Lys−] solution and 
increasing complexity and costs for the proposed system. Thus, thermal 
regeneration (with T ≤ 110 °C) and heating under reduced pressure, were found 
to be inefficient for a complete regeneration of the ionic liquid solution. 
Chemical regeneration, using ion-exchange resins was then investigated. 
An important feature for regeneration through chemical reaction is the need to 
avoid the formation of new compounds, which could unable the reuse of the 
ionic liquid. Therefore, the chemical regeneration procedure must be as neutral 
as possible. The use of ion-exchange resins intends to change the pH of the media, 
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exchanging bicarbonate by hydroxide, to promote the release of CO2. After 
absorption of CO2, i.e. after CO2 capture from the simulated inhalational gas 
streams mentioned in Subsection 6.3.2, where the maximum CO2 loading 
obtained was 4.97 mol/kg, the ionic liquid solution was brought into contact with 
a cation exchange resin, which acts as a proton donor (H+), to allow protonation 
of the amines and bicarbonate anion, thus causing the release of carbon dioxide. 
After this procedure, the IL solution is brought into contact with an anion 
exchange resin, which acts as a hydroxide anions’ donor, to restore pH and 
deprotonate the lysine into its original anionic form. 
The IL regeneration was confirmed through IR analysis. In Figure 6.7 is 
represented the spectra before and after contact between the ionic liquid solution 
loaded with carbon dioxide and the ion-exchange resins. The ionic liquid solution 
was added first to the SAC resin, to provide high concentration of hydrogen 
protons to the media. The pH decreased and the bicarbonate anions detached 
from the amines through the formation of water and the release of CO2. This was 
confirmed by the increase of the band at 1643 cm-1, which peak is characteristic 
of the protonated amines. On the other hand, the decrease of the peaks at 1478 
and 1407 cm-1, was an indication of the decrease of carbonates, which confirms 
the release of CO2. As the second step, in a sequential mode, the acidic solution 
was added to the SBA resin, to deprotonate the amines and restore the alkaline 
pH. From the spectrum obtained after the contact with the SBA resin, the 
concentration of protonated amines decreased significantly according to the 
decrease of the peak at 1647 cm-1. This spectrum was expected to coincide with 
the spectrum of the original [Cho+][Lys−] ionic liquid solution before absorption 
of CO2. There is still a noticeable difference, which can be explained from the 
change observed in water content that occurs during the process. 
The regeneration with ion exchange resins, performed in the present 
work, still requires optimisation, in order to identify the best liquid to resin ratio 
and contact time. Nevertheless, this study opens a new direction for regeneration 
of the ionic liquid solution which has not been explored yet, which will lead to a 




Figure 6.7 IR spectra of the ionic liquid, before and after regeneration with ion-exchange resins. 
 
6.4 Conclusions 
The CO2 capture from gas mixtures with inhalational gas, i.e. Xe, has been 
performed, using a 50 wt% [Cho+][Lys−] IL solution and a 
polytetrafluoroethylene porous membrane contactor. Different operating 
protocols were performed to assess the efficiency of the proposed system. A CO2 
capture capacity of 3.50 mol/kg IL, was obtained when the gas mixture, 
simulating the exhaled air composition of an adult patient, was fed continuously 
to the system. The capacity increased to 4.97 mol/kg IL when the breathing cycles 
were simulated.  
Xenon was used as the inhalational anaesthetic. The system was operated 
in close-to-real conditions, considering an expired breath composition of 65% of 
the anaesthetic gas, 5% of CO2, 27% of O2 and 3% of N2, saturated with water 
vapour. The anaesthetic gas may be recycled by removing the CO2 from the gas 
mixture. The system efficiency was assessed according to the amount of CO2 
captured per weight of ionic liquid, over time, respecting a maximum CO2 output 
in the recycled stream of 0.5%. According to the results obtained, it was found 
that a higher amount of anaesthetic gas can be recycled when Xe was used, in 
comparison with N2O or medicinal air. This is a positive outcome for the 
widespread use of Xe, as inhalational anaesthetic, since a considerable cost 
reduction per unit time of operation was achieved.   
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An ionic liquid regeneration unit was also considered along with the CO2 
removal. Thermal and chemical regenerations methods were addressed. The 
thermal regeneration approach was not able to revert the CO2 absorption, which 
was confirmed by the IR spectra obtained for the ionic liquid solutions. However, 
the use of ion-exchange resins allowed for releasing CO2, without the formation 
of new compounds, which enables further use of the [Cho+][Lys−] IL solution. 
Moreover, this is a simple methodology which can be easily incorporated in the 





7 General conclusions and Future work 
 
7.1 General Conclusions 
The main scope of the work performed during this PhD project was the 
development of a compact medical device, for recycling anaesthesia gases in 
closed rebreathing circuits. The prototype was designed and evaluated under as 
much as possible close-to-real conditions. 
The work can be divided into three main stages. The first stage attempted 
the selection of the most suitable ionic liquid to be used as CO2 liquid absorbent, 
the second stage studied the appropriate membrane separation process to carry 
out the CO2 removal from anaesthesia mixtures and the third stage explored the 
chemisorption and absorption dynamics of CO2 in the ionic liquid solution. 
The CO2 transport in cholinium-based ionic liquids was experimentally 
evaluated. Aiming to benefit from the action of an efficient biocatalyst, a carbonic 
anhydrase enzyme was solubilised in the ionic liquids to catalyse the conversion 
of CO2 into bicarbonate, in order to enhance CO2 transport. By means of a 
predictive correlation, the CO2 solubility, diffusion coefficient and ideal 
permeability in the ionic liquids and in the ionic liquids with carbonic anhydrase 
were estimated. Based on the results obtained, cholinium ionic liquids were 
found to be potentially good alternatives for CO2 absorption. Furthermore, their 













all cholinium-based ionic liquids with alkanoate anions tested, the highest CO2 
absorption transport was obtained for cholinium propionate, where the presence 
of the carbonic anhydrase (0.1mgCA/gIL), promoted an enhancement on the CO2 
transport for the water activities tested (aw = 0.216, 0.576, 0.753 and 0.836), with 
a maximum of 63% enhancement at a water activity of 0.753. Additionally, a 
correlation between CO2 diffusion coefficient and ionic liquids’ viscosity was 
obtained. It was demonstrated that the CO2 diffusion coefficient dependency 
with the viscosity is correlated to a power of -0.805, implying a stronger 
dependency than in other commercially available ionic liquids. 
Cholinium propionate was used in a microfluidic device, which acted as a 
membrane contactor. The alveolar–type design of the ionic liquid chamber of the 
micro-contactor, was adopted to reduce mass transfer limitations of CO2 through 
the ionic liquid phase. The micro-contactor with a PDMS dense membrane 
demonstrated how effective the miniaturized devices can be for the fundamental 
studies of anaesthesia gas recovery. Due to miniaturization, the volume of ionic 
liquid required to fill the micro – chamber was significantly reduced. Despite the 
fact the permeability of PDMS for Xe and CO2 was similar, both cholinium 
propionate and cholinium propionate with carbonic anhydrase (0.1 mgCA/gIL) 
showed an enhancement in the CO2 capture, while there was no effect on the Xe 
transport rate. The CO2/Xe molar flux ratio after addition of the ionic liquid and 
the enzyme was as high as 3.3 compared to 1.4 obtained using the PDMS 
membrane. 
Despite cholinium-based ionic liquids with alkanoate anions exhibited 
suitable CO2 absorption capacity, including enhanced affinity promoted by the 
presence of carbonic anhydrase, amino acid anions combined with the cholinium 
cation proved to possess higher CO2 loading capacities. Moreover, amino acid 
anions are recognizably more stable than alkanoates. Therefore, a prototype 
designed with eclipse™ membrane contactors and using an aqueous solution of 
cholinium lysinate as absorbent was evaluated. The system was composed by 
two Eclipse™ membrane contactors, containing polytetrafluoroethylene porous 
capillaries, with a 50 wt% [Cho+][Lys-] IL solution circulating in the lumen of the 
capillaries. Both contactors were operated simultaneously, removing CO2 from 
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the gas phase in one contactor, and regenerating the aqueous cholinium lysinate 
through sweeping N2 in the other contactor. Experiments of CO2 capture were 
performed with the [Cho+][Lys-] IL solution up to saturation conditions. The 
system efficiency was assessed according to the amount of CO2 captured per 
mass of ionic liquid, over time, assuring the target concentration of 0.5% for CO2 
at the contactor outlet. The results obtained revealed a CO2 maximum capacity 
of 5.9 mol/kgIL for the proposed system. Under conditions of flow rate and gas 
composition, simulating the exhalation of an anesthetized patient, i.e. a gas 
mixture containing 65% of N2O and 5% of CO2, the system was able to operate 
efficiently over 63 hours, which in a mass basis comparison, is 3-5 times more 
than the current technology, using soda lime. The regeneration of the cholinium 
lysinate solution after the absorption of CO2, using N2 as the sweep gas, proved 
to be inefficient. From the results obtained, the reversion of the CO2 absorption 
was only partially accomplished. After each cycle of absorption/regeneration, the 
CO2 loading obtained was half of the maximum for the proposed system. 
Structurally, only the weaker bond between CO2 and the lysinate anion could be 
reverted by concentration difference. 
The absorption mechanism of CO2 in the aqueous [Cho+][Lys-] solution was 
investigated, and a chemical absorption model was proposed for the CO2–
[Cho+][Lys-]–water system. The unknown chemical equilibrium constants were 
determined by fitting the experimental pH curve as a function of CO2 loading. 
From the analysis of the ATR-FTIR spectra, peaks have been identified and 
changes observed in their absorbances with loading of CO2. The variations 
observed in the entire FTIR spectrum are due to the increased concentration of 
IR absorbing ionic moieties in the aqueous IL medium. The results obtained 
validate the potential of using ATR-FTIR as a tool for monitoring CO2 absorption 
in aqueous media containing a reactive absorbent, as the case of cholinium 
lysinate. 
The CO2 capture from gas mixtures with xenon as the inhalational gas, was 
also evaluated. The same system, with Eclipse™ membrane contactors, was 
operated under conditions close-to-real, considering an expired breath 
composition of 65% of xenon, 5% of CO2, 27% of O2 and 3% of N2, saturated with 
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water vapour. According to the results obtained, it was found that a higher 
amount of anaesthetic gas was recycled when Xe was used, in comparison with 
N2O or medicinal air. This is a positive outcome for the widespread use of Xe as 
inhalational anaesthetic since a considerable cost reduction per hour of operation 
was achieved. Aiming the complete regeneration of the cholinium lysinate 
solution, after the absorption of CO2, thermal and chemical regeneration 
procedures were addressed. The thermal regeneration approach was not able to 
revert the CO2 absorption, which was confirmed by the IR spectra obtained for 
the ionic liquid solutions. On the other hand, the innovative proposal of using 
ion-exchange resins, proved to be effective on the reversion of the CO2 
absorption, without the formation of new compounds, which allows the later use 
of the [Cho+][Lys-] IL solution. Moreover, the simplicity of the method allows for 
an easy incorporation in the proposed system and further implementation in an 
hospital environment. 
The work developed in this PhD showed that membrane contactors combined 
with cholinium-based ionic liquids are suitable for CO2 removal from anaesthesia 
circuits and the amount of recycled anaesthetics significantly reduces the costs 
per operation, leaving space for a widespread use of more efficient, although 
expensive, gases like xenon. 
 
7.2 Future work 
The system proposed in the present dissertation, allows for the efficient removal 
of CO2 from anaesthesia circuits, aiming the recovering and rebreathing of the 
inhalational anaesthetic gases. Moreover, the system was designed and different 
methods were addressed, considering a self-regenerative unit for the ionic liquid 
used for CO2 absorption. As a more fundamental outcome, a mechanistic model 
based on the chemisorption and absorption kinetics was developed and 
validated. Several relevant accomplishments were obtained, opening new 
questions that should be addressed. The following recommendations for future 




o The use of cholinium-based ionic liquids proved to be highly efficient to 
capture CO2, however they present a characteristic amine-like odour. 
Therefore, further research should consider the development of inodorous 
liquid absorbents, or the development of a simple method to eliminate the 
characteristic odour of the cholinium-based ionic liquids. 
o Further research should consider improvements of the microfluidic 
device, including materials’ development, such as non-permeable 
materials with higher mechanical resistance for the fabrication of 
microfluidic chambers. Moreover, the experimental procedure may be 
improved considering the use of several microfluidic devices operating in 
series to capture the CO2 from anaesthesia circuits. 
o Regarding the operating conditions for the system proposed with 
Eclipse™ membrane contactors, there is space for improvements. 
Experimental investigation of the effect of gas flow rate, liquid phase flow 
rate and long-term stability of the capillaries should be performed. These 
studies will help to understand the limitations of the operating conditions, 
extending the process to optimal operation conditions. 
o Different methods were addressed for the ionic liquid regeneration. The 
only approach capable to revert efficiently the absorption of CO2, was the 
use of ion exchange resins. Yet, a better understanding on how the resin 
acts in the ionic liquid solution is needed. Which is the dominant 
mechanism to exchange the cations with the acid resin? Is it the water, 
which is acting as an acid in this liquid media, or is it through attachment 
to the amine groups, or through the choline cation, or a combination of 
these mechanisms? Additionally, a quantitative analysis must be 
performed to optimise the amount of resin needed to revert completely 
the CO2 absorbed. 
o Validate the proposed system in a ventilator machine with a lung 
simulator, at different operating conditions, e.g. high, low and minimum 
flow ventilation, with or without inhalational anaesthesia. 
o Finally, the aqueous cholinium lysinate ionic liquid performance must be 
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Figure S1 Graphical representation of the liquid chamber design and the 
dimensions for (A) total structure and (B) a magnification of the small channels 












1. Lithography with SU-8 photoresist 
SU-8 (Microchem) is a high contrast, epoxy based photoresist which is designed 
for micromachining and other microelectronic applications. SU-8 is used when 
a thick chemically and thermally stable image is desired. Depending on the 
desired thicknesses of the channels there are different types of SU-8 resists. SU8-
50, giving the range of depths from 40 to 250 μm, was used in this work since 
the targeted chamber thickness was 100 μm. Figure S2 shows the SU-8 
lithography process flow.  
 
Figure S2 SU-8 lithography 
process flow 
In order to obtain maximum process reliability, the 
substrate (wafer) had to be clean and dry before 
applying the SU-8. Next, the wafer was coated 
with the SU-8 by spin coater. The revolutions per 
minute and time depend exclusively on the 
desired channel thickness (1250 rpm for 100 μm). 
After the resist has been applied to the substrate, it 
was soft baked in order to evaporate the solvent 
and to densify the film. The temperature and time 
of soft baking also depends on the final anticipated 
thickness (In this work – Chapter 3: Pre-bake at 65 
oC: 10 min and Softbake at 95 oC: 30 min). SU-8 is a 
negative photoresist, thus it has to be taken into 
account that the designed mask should be like-
mirror reflection in order to obtain the desired 
structure. SU-8 is optimized for near UV (350-400 
nm) exposure. The optimal dose depends as well 
on the film thickness (thicker films will require 
higher dosage) and process parameters (i. e. 
exposure energy). After exposure, a post expose 
bake (PEB) have to be performed in order to cross-
link the exposed film.  
To obtain optimum cross-link density the temperature and time should be 
adjusted to the type of SU-8 and the desired thickness (PEB 1 at 65 oC: 1 min and 
PEB 2 at 95 oC: 10 min). PEB can be performed either on the hot plate or in a 
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convection oven. Next, the structure is developed in a SU-8 developer by 
immersing a structured wafer. The time of immersion depends on the thickness, 
temperature, agitation rate etc. (for 100 μm the time of immersion is 
approximately 10 min). Following development, the substrate is rinsed with 
isopropyl alcohol. Finally, the resist is hard baked at 150-200 oC on a hot plate. 
 
  
Figure S3 Experimental system for measuring the gas permeation of free-
standing membrane mounted on the stainless-steel cell.  
 
 
Figure S4 Two distinctive free-standing membranes (60 μm and 126 μm 




Figure S5 CO2 pressure evolution on both compartments of the microfluidic 
device-chip 1  
 
 
Figure S6 Xe solubility experiment in cholinium propionate ionic liquid. The 
experiment was carried out by monitoring the evolution of the pressure decay 
with time, which was related with the absorption of the gas by the ionic liquids’ 
thin film (see Chapter 2 for more details about the set-up). It can be noticed that 
the Xe pressure remains constant with an average value of 0.570±0.006 bar 
during the entire period of the experiment, 3 h. This experiment shows that the 





Figure S7 Normalized CO2 pressure decay of four chips in three different 
experimental configurations: 1) with the liquid chamber being empty, 2) with 




Figure S8 Proton nuclear magnetic resonance (1H–NMR) spectrum of 




Figure S9 ATR-FTIR spectrum of [Cho+][Lys-] ionic liquid solution before and 
after CO2 absorption. 
 
 
 
 
 
 
